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coupled transmission lines a development is provided to explicitly relate the four-port, terminal,
electrical performance of directional couplers to the modal loss coefficients.

Losses are evaluated for examples of four isolated transmission lines and one coupled trans-
mission line. For microstrip and coplanar waveguide the computed loss coefficients are in reason-
able agreement with experimental data. For inverted microstrip and trapped inverted microstrip,
evaluations presented in both tables avd graphs provide useful design information for circuit ap-
plications. A comparison is made of the total loss characteristics of microstrip, coplanar wave-

guide, inverted microstrip, and trapped inverted microstrip. The utility of the analysis for
coupled-transmission-line losses is illustrated for the example of edge-coupled microstrip witli a

dielectric overlay by comparing computed loss characteristics with measured values .The accuracy
of the loss evaluations is quantitatively assessed, and suggestions are made for additiai
ments in the ..... -

refine
solutions.. -~-

The five computer programs employed to evaluate dissipation losses for microstrip, coplanar
waveguide, inverted microstrip, trapped inverted microstrip, and edge-coupled microstrip witn a
dielectric overlay are listed. For each computer program information is provided as to storage re-
quirement, execution time, compatibility with various commercial computer systems, and input/
output data descriptions.
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I

COMPUTER-AIDED ANALYSIS OF DISSIPATION LOSSES IN ISOLATED AND
COUPLED TRANSMISSION LINES FOR MICROWAVE AND MILLIMETER-

WAVE INTEGRATED-CIRCUIT APPLICATIONS

I
INTRODUCTION

There is considerable interest in investigating and exploiting new transmission lines
for use in integrated circuits operating at higher microwave and millimeter-wave frequen-
cies. This interest has been spurred by the success in reducing circuit cost, size, and weight
through the application of microstrip at lower to intermediate microwave frequencies. Un-
fortunately microstrip is discouragingly lossy and more difficult to fabricate at higher
microwave and millimeter-wave frequencies. These considerations have prompted the search
for transmission lines that are amenable to integrated-circuit fabrication methods (thin film
and photolithographic technology) and that have better loss characteristics than microstrip.

To facilitate the investigation of transmission lines which offer potential for improve-
ments over microstrip at the frequencies of interest, a flexible computer-aided analysis of
transmission-line losses has been implemented. This analysis is suitable for application to
a wide variety of transmission lines. This report is a description of the implementation of
that analysis as it applies to both isolated and coupled transmission lines, where losses due
to both conductor and dielectric dissipation are taken into account. Various ex~rnples of
loss evaluations using the analysis are presented for both isolated and coupled transmission
lines of interest. For the examples of isolated microstrip and coplanar waveguide [1] cal-
culated loss characteristics are compared to experimentally determined loss parameters,
thereby enabling an assessment of the accuracy of the analysis. These examples are fol-
lowed by a presentation of computed loss characteristics for inverted microstrip [2] and
trapped inverted microstrip. Also presented are evaluations of loss parameters for edge-
coupled microstrip with a dielectric overlay. Calculated and experimentally determined
loss characteristics are compared. Explanations are given for the use of computer programs
listed in Appendixes A through E which are useful for computing loss coefficients due to
conductor and dielectric dissipation for microstrip, coplanar waveguide, inverted microstrip,
trapped inverted microstrip, and edge-coupled microstrip with a dielectric overlay.

FORMULATION OF ANALYSIS FOR
EVALUATION OF LOSSES

The following analysis of conductor-loss and dielectric-loss characteristics for isolated
and coupled uniform transmission lines is consistent with the quasi-TEM models described
in Refs. 3 and 4. For isolated transmission lines the direction of propagation is taken to

* be along the z direction. Consistent with the quasi-TEM model and the transmission-line
wave-approach described in Ref. 5, the z dependence for voltage and current along the
transmission line is accounted for by a factor e- *Yz, where

Manuscript submitted March 22, 1976.
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• c =o + jfl, (1)

in which a is the attenuation constant due to conductor and dielectric losses and/3 is the
phase constant. Following the development set forth in Ref. 5, the attenuation constant
a is given by

=- , (2)

2 P

where Pd is the time-averaged power dissipated per unit length and Pf is the time-averaged
power flow along the line.

In the following subsection explicit expressions are developed for the quantities d
and Pf. It is these expressions which were used to provide the results presented in the
third section after appropriate incorporation within the computer programs, described in
the fifth section and listed in Appendixes A through E.

Isolated Transmission Lines

To obtain a useful expression for Pf in Eq. (2), the following treatment is employed.
By virtue of Eq. (1) a +z-traveling wave on the transmission line is of the form

v Voe-(*+P)z, I =ZOV (3)i zo

The complex power flow is given by

V 12

pf = VI - e- 2 z  (4)

where I* and Z* are the conjugates of I and the characteristic impedance respectively.
Then P is given by

I Vo,
12

Pf = (Re ZO) - e- 2 &' z  )
IZ 0 12

As is shown in Appendix F, for the type of transmission lines considered here, Re Z0
and IZ0 I are nearly equal to (ZO)LL, the characteristic impedance of the lossless line. By
virtue of this consideration Pf can be expressed as

P" = !V0 12 vCe-2z , (6)

hNere v is the phase velocity and C is the electrostatic capacitance per unit length.

2
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In the next two subsections of this report explicit expressions are developed for eval-
uating isolated-transmission-line conductor-loss and dielectric-loss coefficients ac and ad,
respectively. The total-loss coefficient ce is obtained from these by summing 'c and otd.

Conductor Losses

To obtain an expression which is useful for evaluating Pd in Eq. (2) for losses due to
imperfect conductors, the approximation described in Ref. 6 is employed. Pd can be ex-
pressed approximately by

conductor

surfaces

where the additional subscript c on Pdc denotes power losses due to imperfect conductors,
IH0 12 is the amplitude squared of the magnetic field at conducting surfaces for the loss-

less case, and R is the surface resistance of the metals in the system. For good conductors
R can be written as

R C 5 0- ,(8)

where f is the frequency of the propagating wave, p0 is the free-space permeability, and
'r a is the conductor's dc conductivity.

Consistent with the quasi-TEM-propagation assumption for transmission media in-

homogeneously filled with dielectric,

uz X E 0 , (9)¢. H - neff

where fleff is the effective intrinsic impedance, uz is the unit vector in the z direction, and
E0 is the electric field for the lossless case at points just outside the conductor surfaces.
By virtue of Eq. (9)

2 1E , eff
IHO l = -k; IEO 1, (10)10ff P0

where eerf is the effective permittivity, determined as described in Ref. 3. Using the results
of Eqs. (10) and (8) in Eq. (7), Pd,c can be written a.-

Pdc IE0 A-6-(z
coductor
surfaces

3
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In the lossless TEM solutions described in Refs. 3 and 4, the electric field at a point
along the surface of a perfect conductor is given by

' E0 = 2r q, (12)

where q is the equivalent charge density residing at the conductor surface (sum of free
and polarization charge densities). In Ref. 3 the free-charge-density disL.bution along
the surface of the Njth conductor, in a system having Nc conductor surfaces, is approxi-
mated by a pulse expansion as

(N),
N q =(i)" 1,..., Nc. (13)

This representation arises by subdividing the contour defined by the surface of the N-th
conductor into (Ns)j segments. Alon the ith segment the free-charge-density distribution

is taken to be donstant at the value qj 1. P(i) is a pulse function defined by

pNf) on the ith section of Nj (14a)

= 0 on all other sections of N. (14b)

Then Yd,c in Eq. (11) can be rewritten, using Eqs. (12) and (13),

Nc (N.

-d~ 47r 2 err irfpo
Pd,- -a- 11 3n (qj\ N Q 1 (5

j=1 i=1

N.
where AQ i is the length of the ith segment on the Njth conductor.

Finaly the loss coefficient due to conductor losses q, can be written using Eqs. (15),
(6), and (2) as

47r2 eeff 7rfp0

a' No ~)
C / o1 Op ~ , ~ AQ ' (rkeper/unit length) . (16)

j=1 i=1

It is the expression given in Eq. (16) which is embodied in the computer programs de-
scribed later in this report. This expression has been used to provide the design informa-
tion for conductor losses presented later in the report. To obtain the coefficients ac (in
dB per unit length) the following relationship is provided for completeness

4
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20
u (dB/ unit length) = ac (neper/unit length). (17)

Dielectric Losses

9 - . To obtain an expression which is useful for evaluating d in Eq. (2) for losses due to
imperfect dielectrics, this quantity is initially written as

ND

~dd > ffc, 3 e' IEP dS, (18)
i-1 A1

where the second subscript d on Pdd denotes that the dissipation losses are due to im-
perfect dielectrics, ND is the number of imperfect dielectric regions in which the ith re-
gion has a complex permittivity given by

A g

q= - jet?, (19)

A i represents the transmission-line cross-sectional area spanned by the ith simply-connected
homogeneous lossy dielectric region. Equation (18) can be rewritten as

ND

'd.d = j2w(tan Si) W7vi, (20)" i~ffilA
j~A,

where
II

-n i(21)

and the time-averaged energy stored in the electric field in the ith dielectric region is
given by

Wei =(1/2) f 1E12 dS. (22)

At

In Appendix G details are presented of a development which shows that the time average of the
total energy stored in the electric field per unit length of transmission line Wei is related to Wei by

iW

= c •(23)

5
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The development in Appendix G provides a general result for transmission structures with
many conductors and dielectrics over the cross section, but for isolated lines and coupled
lines treated by an even- and odd-mode two-port interpretation W can be expressed as

W= (1/2)C IV I, (24)

where C is the electrostatic capacitance of the transmission line in the two-port configura-
tion (isolated and even- or odd-mode line) and V is the voltage associated with a +z-
traveling wave on the line.

To facilitate the evaluation of a dielectric-loss coefficient in terms of readily comput-
able parameters, use is made of the definition of effective relative permittivity; hence

C Co , (25)

where C0 is the electrostatic capacitance of the transmission line under consideration but
with all dielectric materials fictitiously removed. Consequently Pd,d in Eq. (20) can be
written as

Pdd Gc}C0IVO IC -2 a* N 6 )e

= W
3

12ei(tan 8 j) 6i (26)
i~l

By use of Eqs. (26), (2), and (6) the loss coefficient due to imperfect dielectrics can be
written as

f ND

Old ej(tan 8) --T- (neper/unit length) (27)
E ei

or in units of dB per unit length,

ND
207rf N aeeff

Old = el(tan 6i) -j- (dB/unit length). (28)

c n 10 vfff i=1

In Eqs. (27) and (28) c is the speed of light in free space.

To evaluate the partial derivative in Eqs. (27) and (28), a "forward" difference
quotient is employed; thus

aeeff eff - eff (29)
ei --

6
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where e 1 r is the value of eerf for the structure under consideration when the value of the
relative permittivity for the ith homogeneous dielectric region is perturbed to a slightly
different (higher) value el. Incorporating Eq. (29) into Eq. (28) provides the computa-
tionally useful result

oid i(tan 5j) (dB/unit length). (30)

It is this expression which has been incorpurated into the computer programs which are
documented in Appendixes A through E. For these programs the index i takes the value
1, since there is only one lossy homogeneous dielectric region in the overall inhomogeneous
structures treated by these computer programs.

In the next subsection a description is given for the determination of conductor- and
dielectric-loss effects in coupled line structures, with emphasis on directional couplers em-
ploying such configurations.

Coupled -Transmission-Line Structures

For the purposes of this subsection the coupled transmission lines will be treated by
an even- and odd-mode interpretation [7]. Although two transmission lines coupled over
a given length truly represent a four-port structure, the even and odd modes associated
with this structure are each two-port transmission lines which can be treated separately.
To properly assess the effects of losses in such structures, the problem is twofold. One
problem is to determine the loss coefficients %c and ced for each of the even and odd
modes. The second problem is to determine the effects of these coefficients on the four-
port terminal electrical performance of the entire structure. In the material to follow the
problem of determining the loss coefficients for each mode will be discussed first and will
be followed by a treatment of the problem of determining their effects explicitly for four-
port directional coupler losses.

Even- and Odd-Mode Loss Coefficients

Since the even and odd modes for a coupled line structure can each be depicted as
two-port transmission lines whose length is that of the coupled-line region, the loss co-
efficients for conductor and dielectric losses can be determined using Bqs. (16) (or (17))
and (30) respectively. The even- and odd-mode loss coefficients for losses due to im-
perfect conductors can be written as

4r2 (ee)i/ rjfl

I2 qV0 12 vC1  /1 (neper/unit length), (31)

7
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where k = e for the odd mode and k = 0 for the odd mode. The quantities uk, Ch, qiYj,

(er)k and AQ~i are evaluated as described in Ref. 3. The expression for even- and odd-
mode loss coefficients for losses due to imperfect dielectrics can be expressed as

20irf -ND

OWd: ei(fn 8,) ( -e) - (dB/unit lengt-.), (32)
c tanSV1)rTi: i -Ci-i

where k = e for the even mode and itz- 0 for the odd mode. In Eq. (32) (eCeff)k represents
the effective relative permittivity for the even or odd mode in the coupled-line configura-
tion to be analyzed. This value is determined using the method described explicitly in
Ref. 3. The value (e,,ff)k is determined the same way for the coupled-line structure in
which the relative permittivity of the ith dielectric region ej is perturbed to the slightly
higher value c'. Equations (31) and (32) have been used to evaluate the even- and odd-
mode conductor- and dielectric-loss coefficients for the coupled-line structures described
later in this report. The total-loss coefficients ot, and ct, for the even and odd modes,
are obtained by adding the respective values of OtcIz and old,,.

Effects of Losses on Four-Port Terminal Performance

The effects of losses on four-port terminal performance of directional couplers can
be understood by considering Fig. 1. This figure portrays the problem as being that of
determining the loss effects on measurable terminal voltages bi (i = 1, 2, 3, 4) once the
loss coefficients (cxe, ade) and ('tc0 , otdo) have been determined for the modal transmission
lines in Figs. lb and lc respectively. These loss coefficients are assumed to be known for
this development, having been computed by the method described in the previous section.

The approach used here starts with a procedure similar to that described in Ref. 7.
The voltages bi (i 1.2, 3, 4) are written as

roe + too
170,2 -i efleeted signal br, (33)

Poe - 700

2 2 -coupled signal bc, (34)

Too

b3 = 2 = isolated signal bi, (35)

Toe + Too

b4 = 2 = transmitted signal bt, (36)

1 8
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where (roe, Toe) and (Foo, Too) are ppirs of reflection and transmission coefficients for the
even- and odd-mode two-port transmission lines respectively. The reflection coefficients for
the even or odd mode can be expressed in terms of two-port-network parameters A, B, C,
and D as

Bi
A- +- - Ci Zo -D i7o, (37)
A i + L+CjZ0 + Di

where i e for the even mode and i 0 for the odd mode. Similarly, the transmission
coefficients can be expressed as

To = 2 (38)
Ai + L0 + CiZo + Di

where again i = e for the even mode and i = 0 for the odd mode. In Eqs. (37) and (38)
Z0 represents the characteristic impedance of the input and output ports shown in Fig. 1
(Z0 - 7eTOO). The parameters A, B, C, and D for the lossy even-mode two-port are

; given by

Ad = De = cosh -yeR, (39)

Be = Zoe sinh 7eQ, (40)

"C = 1? sinh 7e£. (41)

Similarly, for the odd mode

Ao = Do = cosh yok, (42)

Bo = Z., sinh yok ,  (43)

CO = sinh yok. (44)

In Eqs. (39) through (44) R represents the physical length of the coupled-line region, Zoe
and Zoo are the characteristic impedances of the even- and odd-mode transmission lines
respectively, and y% and yo are the even- and odd-mode propagation constants, taken for
this development to be given by

ly= %+ j(, (45)

10 =0 + Jfio, (46)

10
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where a. and a. are the total (known) even- and odd-mode loss coefficients and Pe and
go are the even- and odd-mode phase constants (known) respectively, which are determined

0 by the lossless analysis described in detail in Ref. 3. The generality of this development
| 'permits P. and go to be determined with allowance for even and odd modes having different
* 'phase velocities.

By properly combining Eqs. (33) through (44), the measurable terminal voltages of
the four-port coupler under analyses can be expressed as

btanh 7y£ tanh yo£
b= F2 \2+F, tanh e2 + 2+Ftanhyo2)' (47)

sech 7ye sech yok4
2+F Ftanh 7e2 R 2+F 1 tanh70o ' (48)

b - sech -ye2 sech 7o

2 + F, anh -y 2 + F1 tanhy7o ' (49)

brF2( 2 Fto nhQ - 2tanho) (50)

In Eqs. (47) through (50) F1 and F2 are quantities given by

Z'oe 1/ + 00o ) /

ZOO oel

r2 -/ KZoe (52)
00 oeoe

For the special case in which PR = = 742, Eqs. (47) through (50) simplify

2cQ+!1 
+ 2a'.+F 1 )'

bt=-j" (2cae+Fi1  2%o£+F 1) (54

11
- (5 4)mn i , 4, . . =,,. , .
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bi=" Q1F1 2=O21+F 1  (55)

br = F2 (56)br = 2 o + F1  20oo + T •1

In Eqs. (53) through (56) the even- and odd-mode loss coefficients appear explicitly.

Also, these relationships reveal that, even for perfectly matched couplers, for oe different
from xo the isolated and reflected signals are not zero. For couplers with other sources
of impedance match and isolation degradation (such as different even- and odd-mode phase
velocities) the additional degradation of isolation and reflected signal due to different modal
loss characteristics will be superimposed on the other effects. The relationships developed
in this section have been tested on experimental coupler models, and the results are de-
scribed in the next section.

EXAMPLES OF LOSS EVALUATIONS AND
DESIGN INFORMATION

In this section results are presented for specific structures of isolated and coupled
transmission lines. The examples of microstrip and coplanar waveguide are presented to
demonstrate the accuracy of the computer-aided analysis from the preceding section and
to provide useful design information for engineering applications. The results for inverted
microstrip and trapped inverted microstrip serve to provide useful, currently unavailable
design information for more complicated structures which offer potential for circuit ap-
plications. Following these results is a comparison of the loss characteristics for the four
preceding transmission lines. The results for the edge-coupled microstrip structure with a

W dielectric overlay confirm the utility of the coupled-line loss analysis described in the pre-
ceding section and provide currently unavailable design information for this structure.
This structure is presently the most viable approach for providing broadband couplers, fil-
ters, and Schiffman-ph.e-shift sections in a microstrip-compatible format.

Isolated Transmission Lines

Microstrip

To illustrate the approach that resulted in Eq. (16), the conductor-loss coefficient
was computed for a microstrip line with an impedance of 50 ohms (nominally). A gener-
ic cross section of such a line is portrayed in Fig. 2. The dc conductivity, for Eq. (16),
was selected to be 4.10 X 107 mho/m based on data provided in Ref. 8, corresponding to
the value designated for gold. The values of cic compi d for this configuration are repre-
sented by the solid curve in Fig. 3. The reference values shown, represented by a broken
curve, are due to a computer-program version of Schneider's results [2]. Schneider's re-
sults were selected as a reference because they have compared favorably with the experi-
mental data provided in zAefs. 9 and 10. The agreement here is reasonable, with the values
computed by the method proposed in this report being only a few hundredths dB per

12
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wavelength higher than the reference. This discrepancy can be attributed to the discrete
nature of the equivalent charge densities used in the formulation. This effect is somewhat~equivalent to a surface-roughness effect.

METALLIZATION THICKNESS

LINE WIDTH 
Tm

SUBSTRATE WITH DIELECTRIC CONSTANT K=e, =l0.O H:Q635mm

L

Fig. 2 - Generic cross section of nominal-50-ohm microstrip line

I0 o I I I i I I |

0

E
cn 9

IL

U)
5

0 -

.4

I- REFERENCE

0

0 2 4 6 8 10 12 14 16 18

FREQUENCY (GHz)

Fig. 3 - Conductor attenuation co :Llcient for microstrip as configured in Fig. 2
(a configuration with Z0 = 50 ohms).

The method for evaluating dielectric-loss effects was tested for the same microstrip
configuration. Equation (30) was employed with ND equal to 1 and the loss tangent value,
tan 51, selected to be 6 X 10- 4 (alumina). The results computed using Eq., (30) are repre-
sented in Fig. 4 by the solid curve. Shown for comparison are reference values due to

13
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Pucel et al. [9], which are in excellent agreement. The method described for computing
dielectric losses that resulted in Eq. (30) is similar to that of Schneider [11]. In Ref. 12
Simpson and Tseng show additional results which agree within 1% (typically) compared to
results computed by this method.

The total-loss coefficient (sum of otc and ad) for the microstrip line under consider-
ation will later be compared (in Fig. 15) with similar characteristics for nominally.50-ohm
configurations of coplanar waveguide, inverted microstrip, and trapped inverted microstrip.

2.8

2.6

7 2.4E

"2.2
"o

2.0

ef 1.8

z 1.6 -
1. REFERENCE"N,,

L;- 1.4 -
L
0 1.2

( 1.0
U)
0S0 0.8 -

,0.6
I-

w 0.4
4
00.2

o~o I I I 1 I I I

2 4 6 8 t0 12 14 16 18
FREQUENCY (GHz)

Fig. 4 - Dielectric-loss coefficient for microstrip as configured in Fig. 2

(a configuration with Z0 = 50 ohms).

Coplarar Waveguide

The second illustrative example chosen to demonstrate the effectiveness of the meth-
ods that were described in the analysis section is coplanar waveguide [1] with the cross
section depicted in Fig. 5. The computations here were for an approximately-50-ohm con-
figuration. The metallization thickness was again selected to be 6.35 Jim with a dc con-
ductivity of 4.10 X 10 7 mho/m. Figure 6 shows the computed Cc for this case plotted
versus frequency as a solid curve. The computed ad for this configuration is also shown
in Fig. 6, plotted as a broken curve. The total-loss coefficient, obtained by summing c
and cd, is shown plotted in Fig. 7 (and Fig. 15). Also shown in Fig. 7 are measured
values [13] for comparison. These values were obtained from end-coupled resonant-section
transmission measurements. The agreement in this frequency range was reasonable, being

14
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within 0.1 dB per wavelength over most of the range from 4 to 11 GHz. Equally good
agreement (about 0.1 dB/wavelength or better) was found between the computed values
of total loss and values obtained by a straight-through transmission-line measurement [13].
This correlation in values was obtained from 4 GHz through about 10 GHz.

SPACINGS S=0.27 mm 2al
Tm = 6 .3 5 gm

=K 
1 0.4 H=0.635

4 L

Fig. 5 - Generic cross s,!ction of nonlinal-50-ohm coplanar waveguide
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Fig. 7 --Total loss coefficient versus frequency
for coplanar waveguide

Additional design information developed for coplanar waveguide, using the methods
described in the analysis section, are shown in Table 1. The information in this table re-
lating to configuration geometry and material characteristics is ccnsistent with the nota-
tion defined by Fig. 5. The ratios of allb, shown were selected to span a range of values
that should impact on a broad range of applications for this transmission line.

Inverted Mierostrip

Inverted microstrip is the third transmission line which has been analyzed using the
method described in the analysis section. The generic cross section of inverted micv-ostrip
is depicted in Fig. 8. Table 2 shows the analysis results for aspect ratios (W/H) spanning

- a range of values from I to S. This range was chosen to provide design information for
a broad range of circuit applications. The substrate dielectric constant chosen for the set
of data corresponds to that of fused silica, which is deemed to be a suitable material for

' this transmission line for applications at higher microwave and millimeter-wave frequencies.
I The conductor- and dielectric-loss coefficients evaluated for this sequence of transmission-

line configurations are plotted as a function of aspect ratio W/H in Fig. 9 for design usage.
The characteristic impedances and phase velocities for configurations spanning the range

• of aspect ratios W/H from 1 to 8 are plotted in Fig. 10, readily usable for circuit design
applications.

To demonstrate the correlation between computed and measured characteristics, the
i computed phase velocity is compared to experimental data for inverted microstrip. Figure

11 shows computed values of -1-ef versus aspect ratio W/H as a solid curve. Measured
! points shown in this figure were obtained via time-domain reflectometer measurements [2].

The errors between measured and computed values are within 3% over this range of aspect
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ratios. (The total-dissipation-loss coefficient for a nominally-50-ohm inverted-microstrip
configuration is plotted in Fig. 15 for comparison with the other transmission lines.)

Table 1 - Design Information for Coplanar Waveguide as Shown in Fig. 5 But for a
Range of W and .9 Values Rather Than the Nominal-50-Ohm Values (and With H= 0.635 mm, el = 10.0, e' = 10.1, and tan 81 = 0.0006)

IV s ZO  U (ye1,7- ad/f
al lb I (mm) (mm) (ohms)* (108 mIs)* (10-4 dB/mv'z) (10-11 dB/m Hz)

0.1 0.118 0.529 102 1.36 1.32 10.0

0.3 0.353 0.412 72.2 1.37 1.22 11.82

0.5 0.588 0.294 57.5 1.38 1.51 9.41

0.7 0.823 0.176 46.2 1.38 2.29 7.56

*Tabulated electrical characteristic determined by the method described in Ref. 3. This characteristic is
furnished in the output of computer program furnished in Appendix B.

L

*Tabulated____ ~10.1 an_____0006j_____

g 8 e 6.35 tin T H=.381 mm i

ZGROUND PLANE

Fig. 8 - Generic cross section of nominal-50-ohm inverted microstrip
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Table 2 - Design Information for Inverted Microstrip as Shown in Fig. 8 But for a
Pange of WIH Values (with H, T, Tm, and el as Shown and el = 3.88, tan 61 =

0.0002, and a Metal dc Conductivity of 4.10 X 107 mho/m.)

w ZO  V tel- Y If

WIH (mm) (ohms)* (108 m/s)* (10- 5 dB/mvrH-z) (10 - 12 dB/m Hz)

1 0.381 101.8 2.41 2.74 8.40

2 0.762 75.1 2.52 2.37 6.03

3 1.143 60.8 2.60 2.26 5.02

4 1.524 51.4 2.66 2.19 4.24

5 1.905 44.7 2.70 2.16 3.69

6 2.286 39.6 2.73 2.14 3.27

7 2.667 35.6 2.76 2.13 2.94

8 3.048 32.4 2.78 2.11 2.67
*Tabulated electrical characteristic determined by the method described in Ref. 3. This characteristic is

furnished in the output of the computer program furnished in Appendix C.
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Fig. 9- Loss constants vs aspect ratio f'or trapped
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Trapped Inverte, Microstrip

This section provides design information for trapped inverted microstrip, characterized
by the generic cross-section configuration shown in Fig. 12. Table 3 provides details of
configuration geometry and material parameters for the cross sections analyzed in this work.
So that this information can be used for design purposes, the conductor- and dielectric-loss
coefficients are plotted in Fig. 13 for aspect ratios IV/H ranging from 0.25 to 6.0. The
somewhat irregular appearance of these characteristics can be attributed to the effects of
channel-sidewall interaction with the conducting strip, which is not explicitly accounted
for by the "aspect ratio" definition as WV/H. A similar situation is apparent in Fig. 14,
where the characteristic impedance Z0 and phase velocity vp are shown for the same range
of W/H values.

The total dissipation-loss coefficient for a nominally-50-ohm configuration of trapped
inverted microstrip is plotted in Fig. 15 for comparison with those of microstrip, coplanar
waveguide, and inverted microstrip.

Comparison of Loss Characteristics

This section presents, comparison of the loss characteristics for specific nominally-
50-ohm configurations of microstrip, coplanar waveguide, inverted microstrip, and trapped
inverted microstrip transmission lines. The total-loss coefficients (sum of the conductor-
and dielectric-loss coefficients) for these lines are shown in Fig. 15 for the frequency range
from 0 to 60 GHz. Effects and consideration of higher order moding have been neglected,
as well as effects due to radiation losses. Details defining the configurations of microstrip
and coplanar waveguide analyzed to provide the corresponding curves in this figure are
shown in Figs. 2 and 5 respectively, with the dc conductivity a selected to be 4.10 X 107

mho/m for both configurations. The configuration of the inverted microstrip line analyzed
is defined by Fig. 8, with W = 1,676 mm, e = 3.88, a = 4.10 X 107 mho/m, and tan 81
= 2 X 10-4. The configuration for the trapped inverted microstrip line analyzed is specified
by the following values in conjunction with the nomenclature shown in Fig. 12: V = 1.52
mm, S = 1.27 mm, H = 0.508 mm, Tn = 6.35 pm, el = 10.0, cA = 10.1, a = 4.10 X 107 mho/m,
and tan 5, = 6 X 10-4 .

L

SUBSTRATE

* o"o ,,f" / . I-/ / ..T~.o,,,
- -l

b. - i"=

METAL UPPOR CONDUCTOR STRIP

WITH CHANNEL

Fig. 12 - Generic cross section for norninal-50-obm trapped inverted microstrip
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Table 3 - Design Information for Trapped Ir-,erted Microstrip as Shown in Fig. 12
But for a Rangs of I/VII Values (Witi H, T, T,, and e1 as Shown and With e,
-10.1, tan 61 , 0.0006, and a Me~td dc Conductivity of 4.10 X 107 rnho/m)

IV S ZO  cItd If
V/H (mm) (mm) (ohms)* (10-m/s)* (10-s dB/mV =1) (10-"11 dBlm Hz)

0.25 0.127 1.97 122 1.77 3.61 5.81

0.5 0.254 1.90 102 1.83 2.72 5.32

1 0.508 1.78 80.7 1.92 2.25 4.76

2 1.02 1.52 61.6 1.97 2.22 4.44

3 1.52 1.27 49.0 2.12 1.97 3.85

4 2.03 1.02 41.6 2.18 2.00 4.08

5 2.54 0.762 35.0 2.18 2.19 4.02

6 3.05 0.508 29.5 2.13 2.55 4.35
*Tabulated electrical characteristic determined by the method described in Ref. 3. This characteristic is
furnished in the output of the computer program furnished in Appendix D.

4.0

-3.5 6

SX

3. -* -a/ 5 C

2 2.5 ",, -.. 4 0

• 2.0- %"/T - 3

1.5 .
0 1 2 3 4 5 6

W/H

Fig. 13 - Loss constants vs aspect ratio for
trapped inverted microstrip (Fig. 12)
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Fig. 15 - Comparison or total dissipative losses for

f')ur 50-ohm transmission lines

The microstrip cunfiguration chosen here represents a standard configuration of this
transmission line as it has been used in many applications at frequencies up through about
12 GHz. This line is representative of Zhe transwiss: )n line fabiae snga lmn
substrate with a predominantly gold metallization system. The same is true for the selected
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coplanar waveguide 'onfiguration. The configuration for inverted microstrip was chosen
to represent a version fabricated on a fused-silica substrate, again with gold being the pre-
dominant carrier of RF current in the metallization system. The configuration for trapped
inverted microstrip represents a model fabricated on a standard alumina substrate, metal-
lized with a predominantly gold system.

Coupled Transmission Lines

Edge-Coupled Microstrip with a Dielectric Overlay

This section serves a twofold purpose. The first purpose is to provide an illustrative
example demonstrating the applicability of the coupled-'.ine loss analysis developed in the
analysis sections. The second purpose is to provide a quantitative assessment of the losses
encountered in quarter-wavelength-long (at midband) sections of edg2-coupled microstrip
line with a dielectric overlay for various coupling levels. This coupled-line structure is cur-
rently the most viable approach for providing high-performance broadband couplers, fil-
ters, and Schiffman-phase-shift sections in a micros ,ip-compatible fbrmat [14].

The generic cross section of the edge-coupled microstrip with dielectric overlay is
portrayed in Fig. 16. Four configurations differing in geometric parameters were analyzed
(Table 4). Table 5 lists the computed electric l parameters for these sections.

Sections 1 and 2 in these tables were fabricated into a two-section, asymmetric cou-
pler similar to that shown in Fig. 17. The circuit pattern was etched on a portion of alu-
mina substrate with dimensions 23 mm by 10 mm by 0.635 mm. The metallization was
chromium-gold with a thickness of 6.35 pm. The overlays were made of alumina pieces
on each section and were ttached to the sub , 2ate using Stycast Hi K epoxy (K = 10).
The two-section coupler, over the frequency band from 2 to 8.5 GHz, has a nominal cou-
pling value of 6.7 dB. Using Eqs. (53) through (56) and the computed values of loss co-
efficient shown in Table 5 the calculated dissipation loss for the two coupled-line sections
was found to be 0.2 dB, obtained for the coupler midband frequency of 5.4 GHz. When
measured losses due to connectors and theoretical lead-in-line losses are added, the total
dissipation loss determined is 0.42 dB. This agrees well with the total measured coupler
dissipation of 0.4 dB.

Sections 3 and 4 in Tables 4 and 5 were combined in the fabrication of a two-section
asymmetric coupler similar to the coupler shown in Fig. 17. The experimental model had
a nominal coupling characteristic of 20 dB over the frequency band from 2 to 8.5 GHz.
Using the evaluation scheme described for the coupler in Fig. 17, the dissipation loss for
the coupled line sections was determined to be 0.08 dB. After adding contributions for
connector and lead-jit line lengths, the total dissipation loss was computed to be 0.38 dB.
This agrees well with the measured midband (5.4 GHz) dissi )ation loss of 0.4 dB.

Another portrayal of the loss characteristics computed for the four coupled-line sec-
tions of Tables 4 and 5 is shown in Figs. 18 and 19. Figure 18 shows plots of aco and
ado versus frequency for the coupling sections used in the 6.7-dB coupler. Also shown
are the ratios Otcolc1ce and ado lode. A large disparity exists between the even- and odd-mode
conductor losses for the tight section. Figure 19 shows similar data for the coupling sec-
tions used to make up the 20-dB coupler.
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/// /T2 0.635 mm
Tm-6.35Aml o--W-.l-----'e---

"~7 J/ //

E 1 Fg. Tz6.3/Lm1 Tm6.35Ft
I~~~~~ L= 0.508cm Tr=631t

Fig. 16 - Generic cross section of nominal-50-ohm edge-coupled microstrip
with a dielectric overlay

Table 4 - Parameters Which Along With H, L,
T m , and el as Shown in Fig. 16 and With Ej =
10.1, tan 51 = 0.0006, and a = 4.10 X 107
mho/m Define Four Configurations of Edge-
Coupled Microstrip With Dielectric Overlay

W S
Section (mm) (mm)

1 0.223 0.0305

2 0.483 0.541

3 0.483 0.927

4 0.467 2.31

Table 5 - Computed Electrical Parameters for the Coupled-Line
Sections Described by Table 4

Lossless
Section Midband Z0  o e Zo o0. ../"T celvr" ade/f OdoIf

Coupling (ohms) (ohms) (ohms) (10
-5 

dBJmv/T') (10
-5 
dB/m-T f ) t10-10 dB/m llz) (10-10 dB/m liz)

(dB)

1 3.3 50.0 115 21.7 5.60 76.9 1.20 ' 59

2 12.8 50.7 64.1 40.2 6.69 10.3 1.36 1 38

3 16.9 50.7 58.6 43.9 7.59 9.31 1.60 1.38

4 26.8 49.4 51.7 47.2 9.77 10.2 1.90 1.13
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7f

ig. 17 - Three partial assemblies of a tvro-section coupler employing edge-coupled
microstrip with a dielectric overlay.
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Fig. 18 - Loss coefficients for the sections of the 6.7-dB
two-section coupler that combines sections 1 and 2 of

Tables 4 and 5
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Fig. 19 - Loss coefficients for the sections of the 20-dBtwo-section coupler that combines sections 3 and 4 of
Tables 4 and 5
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DISCUSSION

This report details and illustrates analyses, amenable to computer programming, which
ran Pvauate dissipation losses in isolated or coupled microwave and millimeter-wave trans-
mission lines. These lines can be composed of both imperfect conductors and piecewise
homogeneous dielectric materials. The analyses described here have been implemented in
the form of digital computer programs for treating microstrip, coplanar waveguide, inverted
microstrip, trapped inverted microstrip, and edge-coupled microstrip with a dielectric overlay.

F s Th programs for microstrip and coplanar waveguide were used to analyze various con-

figurations for these transmission lines. The computed values of conductor loss for micro-
strip on alumina were compared with well-accepted values due to Schneider [2] and were
found to agree within better than 1.6 dB/m for frequencies up througi 18 GHz. The com-
puted values for dielectric losses in microstrip agree with Simpson and Tseng [12 and
SL:,neider [11] and agreed to within 3% or better at frequencies up to 18 GHz. The sum
of conductor and dielectric losses computed for coplanar waveguide agreed with the ex-
perimental values due to McDade and Stockman [13] to within 0.1 dB/wavelength. The
experimental determinations were made by two independent techniques.

Conductor- and dielectric-loss coefficients were also evaluated for inverted microstrip
and trapped inverted microstrip. This information was presented in the form of useful
design curves, providing loss values as functions of the aspect ratios for these lines. There
is encouraging agreement (better than 2%) between computed phase velocities (VNHeff) for
inverted microstrip and measured data [2]. These calculations are made using the same
equivalent charge densities that are used in the loss calculations.

The computed total loss coefficients for the four types of lines are compared in Fig.
15. The losses incurred in inverted and trapped inverted microstrip at frequencies as high
as 60 GHz are comparable to those incurred in microstrip at frequencies in the range 5
to 10 GHz. Also, coplanar waveguide appears to be considerably more lossy than micro-
strip. The structures compared in this figure were selected to have characteristic impedance
levels of nominally 50 ohms. Consistent with this characteristic the conducting strip widths
required for microstrip and coplanar waveguide were approximately 2-1/2 to 3 times nar-
rower than those required for inverted and trapped inverted microstrip. This feature en-
hances the attractiveness of the inverted and trapped inverted microstrip lines by virtue of
the mitigation of fabrication difficulties. By concentrating more of the field energies in
air (with correspondingly lower euff), wider strips are possible for a prescribed impedance
level (compared to the other two lines). These advantages should be realized even if the
dimensions must be contracted to suppress higher order moding at the higher frequencies.
This should be investigated more extensively.

The analyses for computing conductor- and dielectric loss coefficients and for relating
these parameters to terminal electrical characteristics were applied to edge-coupled micro-
strip with a dielectric overlay. Computed results were compared to measured characteristics
for two experimental models of two-section couplers, having nominal coupling values of
6.7 dB and 20 dB respectively. Total dissipation values computed for 'hese couplers agreed
with experimental evaluations within 0.07 dB.
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The difference between the even- and odd-mode loss coefficients for this structure
gives rise to a finite isolation for an otherwise perfect coupled line section. For the 6.7-

dB coupler considered here the tight and loose sections are limited to maximum isolation
levels of 42 dB and 59 dB respectively due to this phenomenon. The tight and loose sec-
tions of the 20-riB coupler are similarly limited to 70-dB and 92-dB isolation levels

respectively.

Several factors can contribute to error in the analyses described here. One is the~discrete representation of charge-dt:nsity distributions employed in the quasi-TEM model

employed. In one sense this discre~ization can be viewed as a "surface roughness" which
could lead to high estimates of losses. Mathematically smoothing the charge-density dis-
tributions might lead to improvement. Another source of error is the approximation shown

in Eq. (9). A method which would reduce this error is to solve the magnetostatic problem
of evaluating the magnetic field at conductor surfaces for these transmission media. Cer-
tainly the difference-quotient approximation, shown in Eq. (29), introduces error in the

dielectric-loss evaluations. Also, judicious choices must be made for the dc conductivity
of the metal system and the loss tangents for dielectrics.

In the next section documentation is given for the user-oriented computer programs

which can provide design information for the structures treated in earlier sections.

COMPUTER PROGRAMS

' This section de,.ribes the computer programs MS, CPW, IM, TIM, and LEMDOC,

listed in Appendixes A, B, C, D, and E. These programs compute the electrical character-
istics, including loss characteristics, for microstrip, coplanar waveguide, inverted microstrip,

respectively.

Program MS (Microstrip)
irProgram MS, Yh;'hich computes the characteristics for microstrip (Fig. 2), is writt.en in

Fortran IV and is compatible with the CDC 3800 digital computer system. With minor
modifications this program should also be suitable for use with the CDC 6000-series com-
puter systems, with the IBM 360 or 370 systems, and with any other computer having

comparable storage capability and compatibility with the Fortran IV language. The core
storage necessary for executing this program on the CDC 3800 system at the NRL Re-
search Computation Center is 42,000 words. Although the total core storage of this

computer is now 75,536 words, the maximum storage available for a single array (without
resorting to special array-handling techniques) is 32,768 words. It is this system require-
ment that constrains the largest array in MS to be 181 X 181 or 32,761 words.

Furthermore, because of the standard loading procedures employed by the CDC 3800
system at NRL, the following scheme for handling large arrays was incorporated into MS.
The two relatively large arrays in MS are array A, 181 X 181, and array Al, 132 X 132.

These arrays appear in different subroutines and are used consecutively. For these reasons
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the arrays A and Al are placed in a block of COMMON storage labeled HELP. During
the loading of the program, HELP is loaded into a storage bank with 32,768 storage ad-
dresses available to accommodate array A. This is done using a BANK card. In addition
another BANK card forces main program MS and subroutine MSCUPF into a different
storage bank. The storage required to operate using A and Al is minimized by forcing
them to share the same storage locations by means of the statement EQUIVALENCE
(A, Al). These techniques are necessary to properly load MS into the CDC 3800 system
at NRL.

The length of time necessary for program execution is arproximately 9 minutes for
each configuration to be analyzed.

Input Information

Each configuration of microstrip to be analyzed by program MS is characterized by
specifying the cross section in terms of the quantities W, H, L, e1 , tan 61, and a (Fig. 2).
Accordingly, the first data card for any execution of MS contains the quantity NSETS.
This is an integer specifying the number of configurations to be analyzed. NSETS is
punched on the first data card according to the formal; 110.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following six quantities
punched according to the format Fl0.6:

W = width of the conducting strip in mils (I mil = 25.4 jim);

H = height of the conducting strip above the ground plane (the substrate
thickness) in mils;

L = substrate width in inches, which is a variable quantity to allow for nar-
row substrate widths, with a value L = 1.0 inch (2.54 cm) having been
adequate to eliminate effects due to finite substrate width;

ER -rclativc permitti'.ity of the substrate material;

TANDi = loss tangent of the substrate dielectric (X 104);

SIGMA = dc Conductivity of the metallization in mhos per meter (X 10-7).

The number of cards behind the first data card, each containing sets of these six parame-
ters, should equal the value read in for NSETS.

Output Information

The first line of output is invariant for each configuration and indicates that the pro-
gram performs computations taking the strip conductor to have a metallization thickness
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of 6.35 jim. The next line is skipped, and the third line lists the preceding six input
parameters for the configuration to be analyzed. After skipping another line, the follow-
ing quantities are tabulated from left to right with identifying labels printed directly above
computed values.

ZO(OHMS) characteristic impedance of the transmission line in ohms;

V(M/SEC) phase velocity in meters per second;

ALPHAC(DB/M)/SQRT(F) = conductor-loss coefficient in dB per meter divided by
the square root of the frequency in hertz;

ALPHAD(DB/M)/F = dielectric-loss coefficient in dB per meter divided by the

frequency in hertz.

For program executions in which more than one configuration is to be analyzed
(NSETS > 1), an output block similar to that described is printed for each configuration.
Four blank lines separate the output information blocks for each configuration.

Program CPW (Coplanar Waveguide)

Program CPW is written in Fortran IV and is compatible with the CDC 6700 com-
puter system. With minor modifications this program should also be suitable for use with
the IBM 360 or 370 systems and with any other computer having comparable storage
capability and compatibility with the Fortran IV language. The storage necessary for ex-
ecuting this program on the CDC 6700 computer at the Naval Ship Research and Develop-
ment Center (NSRDC) is 86,143 words. The length of time necessary for program execu-
tion is approximately 15 minutes per configuration.

Input Information

Each cunfiguration of coplanar wavcguidc to be analyzed by program CPW is char-
acterized by specifying the cross section in terms of the geometry shown in Fig. 5. Ac-
cordingly the first data card for any execution of CPW contains the quantity NSETS,
specified in the 110 format. This is an integer specifying the number of configurations
to be analyzed.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following quantities punched
according to the format F10.6:

W =width of the conducting strip in mils (1 mil =25.4 pim);

S = spacing between the strip edge and grounded conductors in mils;

H = thickness of the substrate in mils;
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L = substrate width in inches, 1.0 inch (2.54 cm) being adequate to elim-

inate effects of finite width;

ER = relative permittivity of the substrate material;

TANDI = loss tangent of the substrate dielectric (X 104);

SIGMA = dc conductivity of the metallization in mhos per meter (X 10-7).

The number of cards be 1 '-d the first data card should equal the value read in for NSETS.

Output Information

The output information provided by CPW is similar in format to that for program MS
The first line of output for each configuration indicates the metallization thickness. After
a line is skipped, the input parameters are listed in a line of output. After another line is
skipped, the quantities ZO(OHMS), V(M/SEC), ALPHAC(DP/M)/SQRT(F), and ALPHAD
(DB/M)/F are printed in a manner similar to that described for program MS. For program
executions in which more than one configuration is to be analyzed (NSETS > 1), an out-
put block similar to that already described is printed for each configuration.

Program IM (Inverted Microstrip)

Program IM is written in Fortran IV and is compatible with the CDC 6700 computer
system. With minor modifications this program should also be suitable for use with the

IBM 360 or 370 systems and with any other computers having comparable storage capa-
bility and compatibility with the Fortran IV language. The storage necessary for executing
this program on the CDC 6700 computer at the Naval Ship Research and Development
Center is 78,698 words. The length of time necessary for program execution is approxi-
mately 12 minutes per configuration.

Input Information

Each configuration of inverted microstrip to be analyzed by program IM is character-
ized by specifying the cross section in terms of the geometry shown in Fig. 8. Accordingly
the first data card for any execution of IM contains the quantity NSETS, specified in the
110 format. This is an integer specifying the number of configurations to be analyzed.

Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card requires the following quantities
punched according to the format F10.6:

W = width of the conducting strip in mils (1 mil = 25.4 pm);

H = height of the strip above the ground plane in mils;
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T = substrate thickness in mils;

I, = substrate width in inches, 1.0 inch (2.54 cm) being adequate to elim-

inate effects due to finite width;

ER = relative permittivity of the substrate material;

TANDI = loss tangent of the substrate dielectric (X 104);

SIGMA = dc conductivity of the metallization in mhos per meter (X 10- 7 ).

The number of cards behind the first data card should equal the value read in for NSETS.

Output Information

The output information provided by program IM appears in the same format as that
described for programs MS and CPW.

Program TIM (Trapped Inverted Microstrip)

Program TIM is written in Fortran IV and is compatible with the CDC 3800 computer
system. With minor modifications this program should be suitable for use with the CDC
6000-series computer systems, the IBM 360 or 370 systems, and any other computer having
comparable storage capability and compatibility with the Fortran IV language. The core
storage necessary for executing the program on the CDC 3800 system at the NRL Research
Computation Center is 42,000 words. Although the total core storage of this computer is
now 75,536 words, the maximum storage available for a single array (without resorting to
special array - handling techniques) is 32,768 words. It is this system feature that con-
strains the largest array in TIM to be 181 X 181 or 32,761 words. To properly load this

program into the computer, a procedure similar to the one described for program MS is
used.

fj The length of time necessary for program execution is approximately 7.8 minutes per
configuration.

Input Information

Each configuration of trapped inverted microstrip to be analyzed by program TIM is
characterized by specifying the cross section in terms of the geometry shown in Fig. 12.
Accordingly the first data card for any execution of TIM contains the quantity NSETS,
specified in the I10 format. This is an integer specifying the number of configurations to
be analyzed.

A Each configuration included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card lists the following quantities, punched
according to the format F10.6:
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W = width of the conducting strip in mils (1 mil 25.4 pm);

S = spacing between the strip edge and the channel upper comer in mils;
{H - heighlt of the strip above the channel bottoin in mils;

T = substrate thickness in mils;

L = substte (and support block) width in inches, 1.0 inch (2.54 cm)being adequate to eliminate effects of substrate and support block-
finite widths;

ER =relative permittivity of the substrate material;

TAND1 = loss tangent of the substrate dielectric (X 104);
SIGMA = de conductivity of the metallization specified in mhos per meter (X 10-7).

The number of cards behind the first data card should equal the value read in for NSETS.

Output Information

The output information provided by program TIM appears in the same format as
that described for programs MS and CPW.

Program LEMDOC (Lossy Edge-Coupled-Microstrip
Dielectric-Overlay Coupler)

Program LEMDOC is written in Fortran IV and is compatible with the CDC 3800
digital computer. With minor modifications this program should also be compatible with
the CDC 6000-series computers, the IBM 360 or 370 systems, or any other computer
which has similar storage capability and compatibility with the Fortran IV language. The
core storage necessary for executing this program on the CDC 3800 system at the NRL
Res-areh Computation Centpr is about 42,000 words. Although the total storage of this
computer is now 75,536 words, the maximum storage available for a single array (without
resorting to special array-handling techniques) is 32,768 words. It is this system require-
ment that constrains the largest array in LEMDOC to be 181 X 181 or 32,761. Special
techniques required for the loading of this program are similar to those described for
program MS.

The length of time necessary for program execution is approximately 15 minutes
per configuration.

Input Information

Each configuration of edge-coupled microstrip with a dielectric overlay to be analyzed

by program LEMDOC can be characterized by specifying the cross section in terms of the
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geometry shown in Fig. 12. Accordingly the first data card for any execution of L MMDOC
contains the quantity NSETS, an integer specifying the number of configurations to be ana-
lyzed. NSETS is punched on the first data cards in the 110 format.

Each configura~on included in NSETS is specified on a separate data card located
consecutively behind the first data card. Each card requires the following quantities,
punched according to the F10.6 format:

W = conducting strip width in mils (1 mil = 25.4/pm);

S = spacing between the two conducting strips in mils;

T = thickness of the dielectric overlay in mils;

H = height of the strips above the ground plane in mils;

L = width of the supporting substrate in inches, L = 1.0 inch (2.54 cm) being
adequate to elinrinate effects due to finite width;

ER = relative permittivity of the substrate and overlay dielectric material;

TAND1 = loss tangent of the substrate and overlay dielectric (X 104);

SIGMA = dc conductivity of the metallization in mhos per meter (X 10 - 7 ).

The number of cards behind the first data card should equal the value of NSETS.

Output Information

An output information block is printed for each consecutive input data block. The
first line of output stipulates the thickness of the metallization. After a line is skipped,
the input parameters are listed from left to right. After another line is skipped, the fol-
lowing output quantities are tabulated directly under an appropriate label:-

C(DB) = computed value of midband coupling in dB;

ZO(OHMS) = coupled line characteristic impedance in ohms;

ZOO(OHMS) = odd-mode impedance in ohms;

ZOE(OHMS) = even-mode impedance in ohms;

VO(M/SEC) = odd-mode phase velocity in meters per second;

VE(M/SEC) = even-mode phase velocity in meters/second;

VAVG(M/SEC) = average of VO(M/SBC) and VE(M/SEC) in meters per second;

ALFACO(DB/M)/SQRT(F) = odd-mode conductor-loss coefficient in dB per meter
divided by the square root of the frequency in hertz;
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ALFACE(DB/M)/SQRT(F) = the even-mode conductor-loss coefficient in dB per
meter divided by the square root of the frequency
in hertz;

ALFADO(DB/M)/F = odd-mode dielectric-loss coefficient in dB per meter divided
by the frequency in hertz;

ALFADE(DB/M)/F = even-mode dielectric-loss coefficient in dB per meter divided
by the frequency in hertz.
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Appendix A

LISTING OF PROGRAM MS
PROGRAM MS
REAL L
READ 19 NSETS
1FORMAT(I10)
DO 2 MN=1iNSETS
READ 39 W*HsL9ERTAND1o.5IGMA
3FORMAT(6F10.6)
TAND1=TAND1*1*E-04

PRINT 8

A FORMAT(IH t////lH 9*STRIP METALIZATION THICKNESS 250 MICROINCHES

PRINT 49 WHLERTAND19SIGMA

lFlO.6t3X,3HER=,FlO.6,3X,6HIA1,4Dl=,F1v.6,3A,6H,)IGMA=,Flu.6)
FACTOR=(1.OE-O5)*(l1 /U*3937UU)
W=W* FACTOR
HH* FAC TOR
L=L*FACTOR* ( 1E+03)
El=ER
E2=ER+0.O1*ER
CALL MSF(WHL9E1,SIGMACPDDSQ)
P DD SOF =P DDSQ
CALL MSFCWHLE2,SIGMAgCPFDDSQ)
CALL MSE(WHtLCE)
A=C*CE
B= CE/C
ZO=1./( ;3.UE+U8)*SQRT(A))
V=3.OE+08*SQRT(B)
ARG1=B
ARG2=CE/CP
ER1=1./ARG1
ER2=1 ./AiRG2
FACTC1IU./2.3
FACTD=27.3/3.E+U8
AC=FAC1 C*PDDSQF*ER1*Zu
AD=FACTD*CF1/SORT(FR1))*((ER?-ER1)/CE2-El))*IAND14 PRINT 5

4 FoRMAT(IHO,1X,8HZO(OHMS),5X,8HV(M/SEC),5X,
12OHALPHAC(f)R/M)/SORT(F),5X,14HALPHAD(DB/M)/F)
PRINT 6t ZUtVtAC*AD

6 FORMAT( 1H ,2X.F6.2,4XElU.3,8XElV.3,11XElU.3)
2 CONTINUE

STOP
END
SUBROUT INE MSF(WH, LERSIGMACHIGPDDbOF)
DIMENSION N(4)9X(91,4),Y(9194),ALPHAC91,4),I3ETA1(9l,4),

2A1 (134,134)
REALL

COMMON/HELP/AvAl
EOUIVALENCE(AtA1)

NO=
N(1)=43
N( 2) =91
(3) =25

N (4) =25
EO=l./C4.*3.14159*2.99776*2.99776E+09)I ~AAA=3e 14159*4 .E-07*3. 14159/SIGMA8
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RDSQF=SORTCAAA)
FACTN=4 *3.14159*3*14159*RDSQF*Bo85E-12
FACTD=4.*3. 14159*19E-U7
FACTL=FACTN/FACTD
FACTORC 1.OE-05)*C 1./U*39370U)
DELW=W/20.
E=ER*EO
X (19,1) =-W/2.
Y(l1 l1=H
DO 26 1=1,20
IP1=1+1
XC p191) =XCit) +DELW

26 YCIP191)=H
X(22,1)=X(2191)
*Y( 2291)z0*25*FACTOR+H
Do 27 1=22941

X1P11 (Il-DL

27 Y(IP1,1)=YCI,1)
XC 43 1) =XC 1,1)
YC43tl)=Y(lt1)
DELI.L/44*
X~i ,2)=-L/2*
Y(192)=U.
DO 20 1=1,44

X( IP1,2)=XC I 2)+IDELL
28 Y(IP1,2)=O.

XC 46 '2) =XC 4592)
YC46v2) =-0.25*FACTOR
DO 60 1=46989
IP1=I+1
XC IP1,2)=X(1q 2)-DELL

60 Y(1Pv2)=Y(I,2)
X(9192)=XC1P2)
Y(9l,2)=Y(192)
DELH=H/1O.

DELD=(L/2.-W/2. )/14.
X~i ,3)=X(192)
Y~lv3)=Y(192)

YC1,4)=YC193)
Do 61 1=191U

X( IP1,3)=XC 193)
Y( 1P1v3)=YC Il0)+DELH
XC 1P14)=X( 194)

61 Y(IPI*4)=YCIP193)
DO 62 1-11.24

XC IP1.3)=XC I 0)+DELD
Y( IP193)=YC I'3)
XC IP1,4)=XC I 4)-DELD

62 YCIP194)=YCIP193)
DO 63 1142
ALPHAC 191)=1
BETA1CI,-1)=0.
BETA2C1,1)=0.

63 GAMMAC1,1)1I*
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ALPHA(I'2)1l.
BETA1lt 2)0O.
BETA2(1I 2)0.-

64 GAMMA(192)=0.
DO 65 I=1924
ALPHA(19 3)=U.
BETAl (I 3)=E
BETA2( I 3)=EO
GAMMACI,3)0O.
ALPHA(19 4)=Oo
BETA1(194)=EO
BETA2(194)=E

65 GAMMACI,4)=Q.
XMIN=O.
XMAX=O.
YMIN=O.
YMAX=O.
NX=0
NY=O
1DIM=91
R=1 .OE+U5
NAXDIM= 181
NAYD IM= 181
CALL LPLACF(NONXYALPHA,8EtAlBEtA2,GAMMA9CH9,'CHIDIMiR,ICD.
1XMIN ,XMAX.NX ,YMINYMAX ,NYNAXDIMNAYDIM)
DELF=W/20.
DELE=0.25*FACTOR
FF 1=6.2 83 185 Z*L *DE LF
FF2=692831852*EO*DELF* I FF4=692831852*EO*DELL

* CHRG=O.
DO 50 1=192U

50 CHRG=CHRG4-FF1*CH(I,1)
DO 51 1=22941

51 CHRG=CHRG+FF2*CHCI,1)
CHRG=CHRG+FF4*(CH(21,1)+CH(42,1))
DO 1064 J=1,NO
lF(ALPHA(ltJ)*NE.1*) GO TO 64I> NJ1=N(J)-l
DO 1065 11NJ1
IP1= 1+1
SEGX=X( IJ)-X( I'J)
SEGY=Y( 1P1,j)-YliJ)
S EGA RG= SEGX *SE GX4SE GY* SEGY
SE GLEN =SORT(CS EGARG)

1065 SUM=SUM+CHCIJ)*CHCIJ)*SEGLEN
1064 CONTINUE

PDD SO = A CT L*S UM
54 CONTINUE

RETURN
END
SUBROUTINE LPLACF(NONXYALPHABETA1,BEIA2,GAM ACHtCH, IDIM'R'
1 TSCD9XMINXMAXNXYMINYMAX ,i'YNAXDlm,4AYDIvi)
DIMENSION X(IDIMNO),Y(.IDIMNU4),ALPHiAIIDIMNO),bEIAliIDIMNO).

1RETA2( IDIM.NO) 'GAMMAC IDIM.NO) 'CHC IDIM'NO) ,TSCD( IDIMNO.4) ,N(NO)9
2AC 181,181) ,SCH(NO) 8( 180 ) A1( 134. 134)
COMMON/HELP/A1
FOUIVALFNCE (AgA1)
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P1=3.1415926
R R= R*R
DO 1 L=1,NO
NN=N(L)-1
DO 1 1=19NN
XI=X( 1+lL)-X( 19L)
Y1=YC1+1,L)-Y(IL)
TSCD(ItLtl)=ATAN2(YI*Xl)
TSCD( I L,2)=SINCTSCD(1I L91))
TSCDC I L93)=COS(TSCD( I-*L1) I

1 TSCD( IL*4ISQRT(XI*XI+YI*YI)
JJJ=O
DO 4 LJ=19NO
NJ=N(LJ)-l
JAJ=JJJ
J J J JJJ+NJ
DO 4.J1,tNJ
JJ=JAJ+J
XJ=(X(JtLJ)+X(J-1,LJ))/2*
YJ=(Y(J9LJ)+YCJ+19LJ))/2o
111=0
DO 4 L1,NO
NI=N(LI )-1
ll1=11 I+NI
IAI=I 11-NI
DO 4 I11NI
I 1=IAI+I
IFCII.EO.JJ) GO TO 3
X1=XJ-X( I LI)
X2=XJ-X( I+19LI)
Yi=YJ-Y(1I LI)
Y2=YJ-Y( 1+1 ELI)
R1=Xl*Xl+Y1*Yl
R2=X2*X2+Y2*Y2
51=0,
S2=0.

XT=X1*X2+Yl*Y2
TETA=ATAN2(YTgXT)
IF(ALPHA(JtLJhsEQ:Q.) GO IU 2

1,3;+Y1*TSCD(I 'LI '2) ,+TETA*(X1*IbCDl I LI ,2)-Yl*I,.CDt I LI ,3))H TETA1TSCDCJLJ,1)-TSCD(ILI,1)
IA ~S2=0.5*5IN(TETA1)*AI-O((R2/R1)+COtlEgA]A)*IEzA

53=-S2
GO TO 4
S1=TSCDCILI,4)*(1.-ALOGCTSCD(ILI,4)/2o/R))
S2=-PI
53=-PI

4 ACJJII )=ALPHA(JLJ)*S1+BETp1(JLJ)*S2+BETA2(JLJ)*53
M=0
DO 5 L=1,NO

5 M=M+N(L)-l
JJJ=O
DO 6 L=1tNO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J=19NN
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Jj =JAJ+J
6 B(JJ)=GAMMA(JtL)
CALL ARRAYC29MMNAXDIMNAYDIMtA#A)
CALL SIMQCAtBsMPKS)
IF 1KS9NE*0) PRINT I.AJ

100 FORMAT(lHU91BHSYSTEM 15 SINGULAR)

JJJ=j:N

DO 7 L=19NO

JAJ=JJJ

DO 7 J=19NN
JJ=JAJ+J

7 CH(JtL)=B(JJ)
DO 8 L=1,NO
NN=N(L)-1
SCH (LA)=0.
DO 8 11,PNN
8SCH(iJ)SCH(L)+TSCD(IL,4)*CH(IL)
IF CNX-1) 179910

9 DX=O.
GO TO 11

10 DX=(XMAX-XMIN)/FLOAT(NX-1)
11 IF(NY-1)17,12913

12 DY=0.
GO TO 14

11 Dy=(YMAX-YMIN)/FLOATCNY-1)
14 Do 16 II~ltNX

XJ=XMIN+FLOAT(1I -1)*DX
DO 16 JJ~1',NY
YJ=YMIN+FLOAT(JJ-1 )*DY
AC IIJJ)=0*
DO 16 LI=1,NO
NN=NCLI )-1
DO 16 I~ltNN
Xl=XJ-X( I LI)
X2=XJ-XC 1+1 LI)
Y1=YJ-Y( I 'LI)
Y2=YJ-Y( 1+1,LI)
R1=X1*X1+Y1*Yl
R2=X2*X2+Y2*Y2
IF((R1.EQOO*hOR.CR2*EOo)) GO TO 15

XT=X1*X2+Y1*Y2
TETA=ATAN2(YTtXT)
S1=TSCD(ILi,4)*(1.-U.5*ALOG(R2/RR))+U.5*ALOG(R2/Rl)*(X*TbCD(ILI
193)+Yl*TsCn(1,LI,2fl+TETA*(X*TSCDlLI2V-Y1*TSCD(ILI9,3H)
GO TO 16

15 S1=TSCDCILI,4)*(1.-0.5*ALOG((Rl+R2)/RR))
16 A(IIsJJ)=A(IJJ)+S1*CH(ILI)
17 RETURN

END
SUBROUTINE MSE(WHLCE)
DIMENSION N(2) ,XC91,2) 'Y(9192) ALPHAC91'2) 'BETA1(91,2)9
IRETA2(C91'? ) 'AMMAC 91,2)'CHC 9192) SCHC 2) ISCD( 91'? '4) 'A'181181)9
2A1( 134, 134)
REAL L
COMMON/HELP/AtAl
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'1 EQUIVALENCE (ApAl)

N(2)=91
E0=1./ (4 .*3 *l4 159 *2,99776*2.99776E+09)
FACTOR=(lsUEO05)*( l*/U*393700)

DELW=W/209

Y( 1 '1VH
DO 26 1=192U
IP1=1+1

26 Y(Ipl,1)=H
XC 22 ,1hXC2191)

Y(C22,1 )=0*25*FACTOR+H
DO 27 1=22,41
Ip1=1+1
XC[P1,1) =X(19 1)-DELW

27 Y(IP1,1)=YC1,1)
XC 43,1) =X( 1'1)
YC43#1)=Y(1 '1)
DELL=L/44.
X(l,21=-L/2*
Y( I 2)=U.
Do 28 1=1144

XC 1Pl,2):X(I,2l+DELL
28 YCIPl,2)=0*

XC 46 ,2 )=XC45 '2)
Y(46#2)=-0*25*FACTOR
DO 60 1=46089

~1 IP1= 1+1
X( jP192h:X(lt21-DELL

60 YCIP1,2)=Y(192)
X(91,2)=X(ls2)
Y(91,2)=Y(1 '2)
DO 63 I11'42
ALPHAC I'i)=1.
BETA1C I 1)=C.Ii BETA2(lI ,)=UJ.

63 GAMMACI,1)1.-
DO 64 I=l,9U

6ALPrAI,2)=l.

YMAX=O.

NX=O
NY=0
IDIM=91
R=1.OE+05
NAXDIVtzl34
NAYDIMzI34

CALL LPLACF CNON,XtYqALPHAlBET
1 BETAAM~HSH DMRSD

1XMJN ,XMAX,-NXYMIN)YMAX ,NY ,NAXDIMNAYOIM)

CE=6.2831i852*Eu*SCHC1)
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RETURN
END
SUBROUTINE LPLACE(NONX.YALPHABETA1,BETA2,GAMMA'CH'SCH, IDIM'R'
ITSCDXMINXMAXNXYMINYMAXNYNAXDIMNAYDIM)
DIMENSION X(IDIMNO),Y(IDIMN0)gALPHACIDIMgNO),BETA1(IDIM.NO),
IBET A2C IDIMNO) ,GAMMA( IDIM'NO) 'CH( IDIM'NO) ,TSCD( IpIM*NO'4) ,N(N0,o
2A( 181, 181) SCH( NO ) BC 132 hAlC ]34' 134)
COMMON/HELP/AgAl
EQUIVALENCE CAtAl)
PI=3*1415926
RR=R*R
DO 1 L=lvNO
NN=N(L)-l
DO 1 I=1.NN
XI=X( I+1,L)-X( I*L)
YI=Y( I+19L)-YC I L)
TSCDCIL tl)=ATAN2CYIXI)
TSCD(1,L,2)=SIN(TSCD(ItL91))
TSCD(lL,3)=COS(TSCD(1,LsI))

1 TSCD(IL,4)=SORTCXI*XI+YI*YI)
JJJ=O
DO 4 LJ=1'NO
NJ=N(LJ)-l
JAJ=JJJ
JJJ=JJJ+NJ
DO 4 J=19NJ
JJ=JAJ+J
XJ=(X(JgLJ)+X(J+19LJfl/2.
YJ=(Y(J9LJ)+Y(J+19LJ) )/2.
111=0
DO 4 L11lN0
NI=N(LI )-1
111=11 I+NI
IAI= Ill-NI
DO 4 I=lNl
1 1=IAI+I
IF(I.EQJJ) GO To 3

X2=XJ-X( 1+1 'LI)

Y2=YJ-Y(I+1,LI)
Rl=Xl*Xl+Y1*Y1
R2=X2*X2IY2*Y2

5 2=0.

25 L 4* OTS=TSCD( I LI ,4)*( 1.-0.5*ALOG(R2/RR) )+LU.5*ALOG(R2/R1 )*(Xl*TbCD( I'LI

193)+Y1*TSCDC I 'LI'2) )+TETA*CX1*T$CD( I LI ,2)-Y1*TSCO( I LI,3))

2TETA1=TSCD(J,LJ91)-T5CD( ILI91)

i S=TSD(ILI9)*1.-ALOGC TSCD( I LI '4'/2./R))

4 A(J1)=ALPHA(J,LJ)*S1+BETAJ(JLJ)*S2+3E1A2(JLJ)*S3
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M=O0
DO 5 L=19NO

5 M=M+N(L)-l
JJJ=0
D0 6 L=1#NO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
D0 6 J-1,NN
JJ=JAJ+J

6 B(Jj)=GAMMA(J#L)
CALL ARRAY(2,MMtNAXDIMtNAYDIMAA)
CALL SIMQ(AgBsMPKS)
IF (KS*NEe0) PRINT lOU

100 FORM'AT(lHU,18HSYSTEM IS SINGULAR)
JJJ=O
DO 7 L=10NO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 7 J=1*NN
JJ=JAJ+J

7 CH(JL)=B(JJ)
DO 8 L=1,NO
NN=N(L)-l
SCH(L)=~O.
DO 8 1=19NN

8 SCH(L)=SCH(L)+TSCD( IL,4)*CI-f JL)
IF(CNX-1) 17 '9, 1

9 DX=O
GO TO 11

10 fX=(XMAX-XIIN)/FLOAT(NX-1)
11 IF(NY-l)l7912tl3

12 DY=O.
GO TO 14

13 DY=(YMAX-YAiIN)/FLOAT(NY-1)
14 DO 16 Ii=19NX

XJ=XMIN+FLOATC I -i )*DX
DO 16 JJ=1,NY
YJ=YMIN+FLOAT(Jj-1)*)Y
A( IIJJ=U *
DO 16 LI=1,NO
NN=N (LI )-1
DO 16 I~1.NN
X1=XJ-XC I LI)

- I X2=XJ-X(I+1,LJ)
Yl=YJ-Y(ILI)

R1=Xl*Xl+Yl*Yl
R2=X2*X2+Y2*Y2
IF((R1.EQ*U*)*OR.(R2.EQ.O.)) Go To 15
YT=Y(IL ) *X2.-Y( I+1,L)*Xl+YJ* XC +19LI) -X CI-'LI))
XT=Xl*X2+Y1*Y2
TETA=ATAN2 CYT .XT)
S1=TSCD(TLI,4)*(l.-O.5*ALOGR2/RR))+U.5*ALOG(R?,'Rl)*(X1*TbCD(ILI
1 '3)+Y1*TSCOC I LI'?) )+TFTA*(X1*TSCD(1I LI'2 )-Y1*TbCDC I LI $))
GO TO 16

15 Sl=TSCDCILI,4)*1.-u.5*ALOG(R+R2)/RR ))
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16 ACIJJ)=A( II#JJ)+S1*CH( iLI)
17 RETURN

END
SUBROUTINE ARRAY (MODEqI9JpNtM9SvD)
DIMENSION S(I)tDC1)
NI=N-I
IF(MODE-J) 100,100,12u

NM=N*J+l
DO 110 K=19J
NM=NM-NI
DO 110 L=1#1
IJiJ-1
NM=NM-1

110 D(NM)=S(IJ)
GO TO 140

12o lJ=O
NM=O
DO 130 K=19J
DO 125 L=19I
IJ=IJ+1
NM=NM+ 1

125 S(IJ)=D(NM)
130 NM=NM+NI
140 RETURN

END
SUBROUTINE SIMQ(AtBNtKS)
DIMENSION A(1)vB(1)
TOL=0.0
KS=0
JJ=-N
DO 65 J1'sN
JY=J+1
JJ=JJ+N+l
B IGA =0.
I T=JJ-J
DO 30 I=JtN
IJ=IT+I
IF(ABS(BIGA)-ABSCA(IJ))) 2093U,30

20 BIGA=ACIJ)
!MAX=i

30 CONTINUE
IFCABS(BIGA)-TOL) 35t35940

35 K51l
RETURN

40 ll1J+N*(J-2)
IT=IMAX-J
DO 50 K=J'N
I1=I1+N
12=1I1+IT
SAVE=AC Il)
ACI1)=A( 12)
AC I2)SAVE

50 AC I1)=AC11)/BIGA
SA VE=B (IMAX)
B(IMAX)=B(J)
B(J)=SAVE/BIGA
IF(J-N) 55*70,55

55 IOS=N*(J-1)
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DO 65 IX=JYsN
IXJ=IQS+IX
IT=J-IX

DO 60 JX=JYtN
IXJX=N*CJX-1)+IX
JJX= IXJX+IT

60 A(IXJX)=A(!XJXhC(A(IXJ)*A(JJX))

70 NY=M-1
IT=N*N
DO 80 J=19NY
IA=IT-J
IB=N-J
I CN
DO 80 K=19J
B( IB)=B( IB)-AC IA)*B( IC)
1A=IA-N

80 IC=IC-1
RETURN
END
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Appendix B

*1LISTING OF PROGRAMN CPW

PROGRAM CPW(INPUT)OUTPUT)
REAL L'I READ 19 NSETS

I FORMAT(IXO)

00 2 MNal NSETS
READ 3* WSHL,ERtTAND19SIGMA

~13 FORMAT(7Fl0.6)
TAND1=TAND1*1*OE-04
SIGMA=SIGMA*1.OE+07

P FRINT(1 8 //1 ,*TRIP METALIZATION THICKNESS = ±O MICROINCHES

PRINT 4t WSH9L9ERTANDltSIGMA

4 FORMAT( 1HO,2HW=,F5.1,3X,2HStF5.1*3X,2HH=*F5elt3X*2HL*v
1F1O.6,3X,3HFR,F1006,SX,6HTAND1,sE1O.3,3X,6HSIGMA*E10*3)
FACTOR=(.UE-U5)*(l*/Js3937

0 0)
W=W*FACTOR

* S=SFACTOR
H=H*FACTOR
L=L*FACTOR*(l*E+03)
E1=ER
E2=ER+O.O1*ER

* CALL CPWFCWSHLE1,SIGMA9CtPDDSO)

CALL CPWF(WtSvHvLE2tSIGMAvCPtPDDSQ)
CALLf CP WECW ,S HtL9CE)

ZO=1./U(3*E+OB)*SQRT(A))
V=3.E+08*SORT(B)
ARG1=B
ARG2=CE/CP
ER1=1*/ARG1
ER2=1#/ARG2
FACTC1lu./2.3
FACTD=27.3/3.E+U8
AC=F ACT C*PDD SOP*ER 1*Zv

PRINT 5

6FORMAT(IH *2X*F6.2 4X*ElU.3iSXtFlUe3,11XElO.3)
2 CONTINUE
STOP
END
SUBROUT INE CPWF(WSHL ,FRSIGMACHRGPDDSOF)

DIMENSION N(6),X(59,6)PYC59,6),ALPHA(59,6hB6ETA1C599')'
1BETA2(5996),GAMMA(59,6),CH(5996),SCH(6),TSCD(59t6*4),A(252?252)

REAL L
COMON/HELP/Z(252,2 52)
EOUIVALENCECZA)
NO=6
N(1)=41
N(2)=59
N(3)=59
N(4)=21
N(5) =21
N(6)=51 48
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EQ1=./(4.*3.14159*2.99776*2.99776E+09)
AAA=3. 14159*4 .E-07*3.14 159/S IGMA

FAC:TN=4.*3.14119*3. 14159*RDSOF*8eBSE-12
FACTD!-4**3*14159*1 .E-U7

FAC TL=FAC TN/FACTO

Xtl,l)=-W/2-
Y(11 l-O.25*FACTOR

DO 26 1=1.19

Xi IPl1)=X( I ')+DELW
26 Y(IP191)=YC191)

X(2191)=X(20tl)
Y(2191)=O*
DO 27 1=21939
1p1=1+1
XC IPI'1 =X( I .)-DELW

27 Y%!Pltl)=Y(I,1)
X(41t!)=X(1,1)

lI 1.2=L/2.-/oS/8

X(1,3)=-L/2.
Y(lt2=U:

Y(30,2)=-(J.25*FACTOR

X(3093)=(W/2*)+S
Y (30,3) =-U*25*FACTOR
DO 28 11.t28
IPl=1+1
IP3OM=130-
I P30M= +30-
XC IP192)=Xt I 2)+DELG
Y$ Y( IP 12), 1).
XI) P'~u,)=X(1P3UM192)-DELG
YC 1P3',2)=YC3u92)
Xi lP1,3)=XI I 3)-DELG
Y( P1,3)=O.
X(IP3Vt)3)=X(P3uMlq3)+DELG

XC 59 .2 )=X( 1.2)
Y(59,2)=Y(1?2)
Xi 59,3)=X( 1.3)
Y (5 9,3) =Y(I ,3)
DELS=S/ 20.
X(l,4)=-W/2*-S
Y( 1 4)=U.
XCI ,5)=W/2.+S
YC 1 5)=U.
DO 29 1=1920
1P1= 1+1
XC IP1.4)=X( 1,4)+DELS
Y(IP194)=Oo
X( IPI,5)=XC I 5)-DELS

29 YCIP195)=Oo
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DELH=H/2.
DELL=L/46-
XC 1,6)=-L/29
Y(l1 6)=0.
XC 49 .6 L/2.
Y (49 96) =f
DO 30 1=192
Il=I-+l
1P49=1+49
IP49Ml=1P49-l
X( IPlp6)=X(1,6)
Y( 1P1".)=Y(1I 6)+DELH
XC 1P49*6)=X( 1P49Mlo6)

30 Y(IP4996)=Y(IP49M,6)-DEFi
DO 31 1=1,46
1P3=1+3
I.P3Ml=IP3-l
XC 1P9'6)=XC IP3Mlf6)+DELL

31 YCIP396)=H
D0 60 1],t4U
ALPHA CI t1)=1.
BETA1(ltl)=0.
BETA2C j)0,

60 GAMMA(I,1)=1.
00 61 I=1458
ALPHA C192 1.o
ALPHA(19 3)1.-
BETAl(1,2)=U.
6ETA1CI,3i)=0.
BETA2CI,2)=G-
BETA2(19 3)=U.
GAMMA(C 12 3=U.

61 GAMMA(193h:O.
DO 62 1=1,20
ALH/! I I W 0.

~ALPH4, I t 5)=0.oii Bh.Aifl95)=E0
BE TA2 ( 1,4) =E
BETA2(1I 5)=E0

62 GAMMA(I,5)=I.,

ALPHACI,16)=U-
BETA1(lI 6)hE
BETA2CI,6)=EO

63 GAMMA(I,6)=o.
XMIN=U.
AMAX=O.
YMIN=O&
YMAX=0.
NX~o
NY=O
IDIM=59
R=1 .OE+03
NAXDIM=252
NAYDIM=252

CALL LPLACF(NO)NX,yALPIABETA,BETA2-G/,VMACHSCM, IVIMRTSC~o

JXIoM~NtM~YAtYNXItADM
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DELF=W/19.

IP1=I+2182EDL
SEGX=X( IplJ)-X(IJ)
SEy=Y( IP185J)-Y(I.J)
SEGRG=SEXSEXSGYSG

51EHGEN=SRT F1CHSEGAR)
65 SU=UMCH(IJ2*CH(20,J)SEGL1tlN

PSF= FCTL*U
54 CONTINUEO

SUBROUTINE *N~lo GPAC(OXYApHBEA8EAGMACHSH TOIM64
TSDMNMAXMIMAINAXIMNYDM

SEOULENCR(E(ZA)
65SU=.1415(9J26 (1J*SGE
R4 RONTRNUR

1TSCD1,L,1)=AAN(YII XPYNXD)NADM
2. DMENIO ,L,2)=SINSCD( I 1)gAPAIItOtEA(D

1BTCD( I L,3)(TSC( I ')I~N)gC(D~N~TC(D~N9)NN

DO 4 L=19NO
NJ=N(LJ)-l

DO 4 J=!,NJ

XJ=X(J1L)-X(J1Lf/2
YJ=Y(J1LJ)-Y(J+1LJH2

DO 4 LJ=1'NO
NI=N(LI )-1

II 1=1 I+NJ
DO4 =l-N

JJ=J~i-51
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DO 4 I=1,NI
I I=IAI+I
IF(II.EQ.JJ) GO TO 3
Xl=XJ-X( I LI)
X2=XJ-X( I+19LI)
YI1=YJ-Y(I 'LI)

k Y2=YJ-YCI+1,LI)
Rl=Xl*Xl+Y1*Yl
R2=X2*X2+Y2*Y2
S1=O.
S2=0.
YT=Y( I LI )*X2-YC 1+1 9LI )*Xl+YJ*CX( 1+1 tLI)-X( I LI))
XT=X1*X2+yl*Y2
TETA=ATAN2(YTgXT)
IF(ALPHA(.jLJ).EQ*U*) GO TO 2
S1=TSCn(19LI,4)*C1.-o.5*ALO6(R2/RR),+U.5*ALOG(R 2/Rl)*CXl*TSCD(ILI
i93)+Yi*Tscl( I 'LI ?) )+TFTA*CX1*TSCD( I LI ,2)-Yl*TSCD( I LI93))

? TETA1=TSCD(JLJ,1l)-TSCD( I'Li'1)
S?=O.5*SINCTETA1)*ALOG(R2/Rl)+COS(TETAI)*lTA
S3=-S2
GO TO 4

I 51=TSCD(1I LI ,4)*( 1.-ALOG(TScD(I 'LI '4)/2./H))
S2=-P I
S3=-PI

4 A(JJII )=ALPHA(JLJ)'Sl+BETA1(JLJ)*S2+BETA2CJLJ)*S3
m= 0
DO 5 L=1,NO

5 M=M+N(L)-l
JJJ=O
DO 6 L=19N0
NN=N CL) -1
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J~1,NN
JJ=JAJ+J

6 B(JJ)=GAMMlA(JqL)
CALL ARIRAfl(2,MMNAXDIMNtAYOIlMAA)
CALL SIMQ(AqB'MqKS)
IF (KS.NE.o) PRINT 10v

100 FORMATC1HO,18HSYSTEM IS SINGULAR)
JJJ::O
DO 7 L=19NO
NN=N(L)-l
JAJ=JJJ
JJJ=JJJ+NN
DO 7 J~ltNN
JJ=JAJ+J

.7 CHCJtL)=B(JJ)
DO 8 L=19NO
NN=N(L)-l
SCH(L)=U*
DO 8 I~lPNN

A SCH(L)=SCH(L)+TSCD( I ,L,4)*CH( I 'U
IF (NX-l) 17t9,10

9 DX=O.
GO TO 11

10 DX=CXMAX-XMIN)/FLOAT(NX-1)
11 IF(NY-1 )17tl2'13
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12 DY=O.
GO TO 14

13 DY=CYMAX-YMIN)/FLOATCNY-1)
14 DO 16 II=1,NX

XJ=XMIN+FLOATC I -1)*DX
DO 16 JJ=l9NY
YJ=YMIN+FLOIAT(Jj-1 )*fDY
AC I! JJ)=Uo
DO 16 LI=1,NO
NN=N(LI )-1
DO 16 1=19NN
Xl=XJ-X( I LI)
X2=XJ-X( 1+1 'LI)
Y1=YJ-Y( 1 LI)
Y2=YJ-Y( 1+1 LI)
Rl=X1*X1+Y1*Yl
R2=X2*X2+Y2*Y2
IFCCR1.EO.'J.)oORoCR2eEQ*O*)) GO TO 15i

XT=Xl*X2+yl*Y2
TETA=ATAN2(Y1 ,XT)
S1=TSCDCILI,4)*(1.-0.5*ALOG(R2/RR))+(J.5*ALOG(R2/R1)*(1J*TSCDCIrLI
1 ,3)+Y1*TSCD( I LI '2) )+TETA*CX1*TSCIgI LI 2)-Y1*TSCDC I LI s3))

GO TO 16
15 S1=TSCD(IL!,4)*C1.-.O.5*ALOG((R1+R2)/RR))
16 All! 9JJ)=AC II JJ)+Sl*CH( I LI)
17 RETURN

END
SUBROUTINE CPWECWSHLCHI)
rDIMFNSION N(3)9X(7v,3),Y170,3),ALPHAC7O,3),RETA1C7U,3),
IETA2(7v,3),GAMiMA(7L,3),CH(7U,3),SCHC3),TbCDC(7U93,4),AI(181,18l)
REAL L
COMMON/HELP/Z(252 p252)
EOUIVALENCE (Z#Al)

NC 1)=~41

EO=1./ C4.*3.14159*2.99776-2.99776E+U9)ta
FACTOR=C1.uE-U5)*C1./u*3937UU)
DELW=W/40.

DELGC(L/2.-W/2.-S) /69.

Y(lti)=Ue

DO 26 I1140OA

XC IP1'1)=X( I 1)+DEL4
YC IP1t1)=YC ,1)
ALPHA( I ,)=1.
BETAiC I 1)=O.
BETA2(1I 1)=O.

26 GAMMACI,1)=l.
XC192)=-L/2-
Y(l1 2)=U.
XC 1t3)=L/2.
YC 1 3)=Qo
DO 27 1=1,69
Ip1~l+1
XC IP192)=X(1I 2)+DELG
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YCIP192)=-Y(I,2)
X(IPlt3)=XCIP3)-DELG
Y(IP1,3)=Y(193)
ALPHA C I2) =1.
BETA1CI,2)=O.
BETA2II,2)=0*
GAMMA(C192) =0.
ALPHACI,31=1.
BETA1(It3)=0*
BETA2(1,33=0.

27 GAMMA(I,3b0U.
XMIN=O.
XMAX=O.
YmI1N=0
YMAX=O.
NX=O
NY=O
ID 1M=70
R=1.OE+05
NAXDIMrl8l
NAYD IM= 181
CALL, LPLACE (NONXyALPHAE3ETAlBETA2 'GA~i~1A'CHgSCH. IDIMgRP1SCD,
IXMINXMAX9NXYMINYMAXNYNAXDIMNAYDIM)
CH1=SCH(1)*6.2631852*EU
RETURN
END
SUBROUTINE LPLACE(NONXYPALPHiABETA1,BETA2,GAMMACHSCHIDIMgR,
1TSCD9XMINXM4AXNXYt4iNYj.AXNYNAXDIMNAYDIM)
DIMENSION X(IDIMiNU)sY(IDIMN9 ,)ALPHA(IDIMNO),UETA1CIDIMNO),
1BFTA2( 1D1'1NO) ,GAMMA( IDIM'NO) ,CHCIDIM'NO) ,TSCD( 1DIM9NO*4) 'N(1NO)t
2A1 (181,181) ,SCiP.;'iC) 8(180)
COMMON/HFLP/Z(252,252)
EOUIVALENCE(Z,A"i
P1=3.1415926
RR=R*R
DO 1 L=1*NO
NN=N CL)-1
DO 1 1=1,NN
XI=X(1+1,L)-X(19L)
YI=Y( I+1,L)-YC IgL)
TSCD(ILgl)=ATAN2(yItXI)
TSCD(liL,2)=SIN(TSCD(IqL,1))
TSCDCILt3)=COS(TSCD(lLsl))

I TSCD(1,L,4)=SQRT(AI*XI+YI*YI)
JJJ=0
DO 4 LJ=liNO
NJ=N(LJ)-l
JAJ=JJJ
JJJ=JJJ+NJ
DO 4 J=1,NJ
JJ=JAJ+J
XJ=(X(JtLJ)+X(J+1,LJ))/2.
YJ=(Y(J,LJ)+YCJ+19LJ))/2*
111=0
DO 4 LI1lNO
NI=N(LI )-1
III=111+NI

DO 4 I=19NI
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IF(II.EO.JJ) GO TO 3
X1=XJ-X( I LI)
X2=XJ-X( I+1.LI)
Y1=YJ-YC I LI)
Y2=YJ-Y( 1+1 DLI)
R1=Xl*Xl+Y1*Yl
k2=X2*X2+y2*y2

S2=0.

XT=X1*X2+Y1*Y2
TETA=ATAN2( YTXT)
IF(ALPHA(JtLJ)*EQ*u*) Go 10 2
Sl=TSCD(ILI,4)*(1.-U-5*ALOG(R2/RR))+UJ**ALOG(R2/Rl)*(X1*TSCD(I9 LI
lg3)+Y1*TSCD(ILI,2))+TFTA*(X1*TSCD(ILI2)-Y1*TSCD(!,LI,3))

2 TETA1=TSCD(JLJtl)-TSCD( I9LItl)
S2=O. 5*S IN CTFlA1) *ALOG(CR2/Rl) +COS(CTETA1) *TETA
S 3=-S 2
GO TO 4

52=-PI
S3=-PI

4 ACJJII )=ALPHA(JLJ)*S1+BETA1CJLJ)*S2+BETA2(JLJ)*S3
M=0
DO 5 L=19NO

5 M=M+N(L)-l
JJJ=O
DO 6 L=1,NO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J=ltN'4
JJ=JAJ+J

6 BCJJ)=GAMMACJL)
CALL ARRAY C2,MsM9NAXDIMNAYDIMAqA)
CALL SIMO(ABMKS)
IF (KS.NE.O) PRINT 100

100 FORMATC1HOt16HSYSTEM IS SINGULAR)
JJJ=0
DO 7 L1,tNO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 7 J=19NN
JJ=JAJ+J

7 CH(JLk=B(JJ)
DO 8 L=19NO
NN=N(L)-1
SCH(L)=0.
DO 8 I=1,NN

8 SCH(L)=SCHC(L)+TSCD(IL,4)*CH(IL)
IF (NX-1) 179,10

9 0X0O.
GO TO 11

10 DX=(XMAX-XMIN)/FLOAT(NX-1)
11 IF(NY-1)17,12,13

12 DY=O.
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GO TO 14
13 DY=(YMAX-YMIN)/FLOAT(NY-1)
14 DO 16 lI=1,NX

XJ=XMIN+FLOAT(1I -1)*DX'1 DO 16 JJ=19NY
YJ=YMIN+FLOAT(JJ-1 )*DY
A Ili jJ)=Oo
DO 16 LI=19NO
NN=N(LI )-1
DO 16 I=1'NN
X1=XJ-X( I LI)
X2=XJ-X( 1+1tLI)
Yl=YJ-Y( I,LI)
Y2=YJ-Y( I+1'LI)
Rl=Xl*X1+Yl*Yl
R2=X2*X2+Y2*Y2
IF(CRl*E~o.0)oOR*(R2.EQ.0.)) Go To 15
YT=Y( 11! ) *X2-Y( 1+1 LI) *Xl+YJ*( XC +1,LI)-X(itLi))
XT=Xl*X2+yl*Y2
TETA=ATAN2(YToXT)
S1=TSCD(ILI,4)*(1.-U.5*ALOG(R2/RR))+O.5*ALOG(R2/Rl)*(Xl*T$CD(ILI
1 ,3)+Y1*TSC)( I LI '2) )+TETA*(X1*TSCDC I LI ,2)-Yl*TSCD( I LI '3))
GO TO 16

15 S1=TSCD(ILI,4)*(l.-U.5*ALOG(UR1+R2)/RR))
16 AC IIJJ)=A(IIsJJ)+S1*CH( IvLI)
17 RETURN

END
SUBROUTINE ARRAY (MODEtI'JqNvMSqD)
DIMENSION S(l),O(l)
NI=N-I
I&FCMkODE-1A) 1Q0,100,12u

100 IJ=I*J+1
NM=N*J+l
DO 110 K=19J
N(.INM-N I
DO 110 L=19I
IJ::IJ-1

10NM,=NM- 1
10D(NMI-S( IJ)

GO TO 140
12o IJ~o

NM= 0
DO 130 K1.tJ
DO 125 L=191
IJ= IJ+1
NM=NM+1

125 S(IJ)=D(NM)
.13o NM=NM+NI

140 RETURN
END
SUBROUTINE SIMQ(AtBtNtKS)
DIMENSION AC1)98C1)
TOL=0.0

II KS=0
JJ=-N
DO 65 J=1'N

JJ=JJ+N+l
BIGA=0*
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IT=JJ-J
DO 30 I=JsN
lJ=IT+!Ii IF(ABS(BIGA)-A8S(ACIJ))) 20,3U,00

30 CONTINUE

IF(ABS(BIGA)hTOL) 35t35v40

40 1=J+N*(J-2)
IT=IMAX-J
DO 50 K=JtN
11=11+N
12=11+IT
SAVE=A( Il)
AC 11V=A(12)
A( 12)=SAVE

50 ACI1)=A(11)/BIGA
SAVE=BCIMAX)
BC IMAX)=BCJ)

BCJ)=SAVE/BIGA
IFCJ-N) 55,70955

55 IOS=N*CJ-1)

DO 65 IX=JYtN
IXJ=IOS+1X
IT=J-IX
DO 60 JX=JYPN
IXJX44*CJX-1)+IX

60JJX=IXJX+IT
60ACIXJX)=A( JXJX )-( ACIXJ )*A(CJJX )

65 BCIXh=BCIXH(BJ)*ACIXJ))
70 NY=N-1

IT=N*N
DO 80 J~lvNY
IA=IT-J
18=N-J

A 80 K=91
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LISTING OF PROGRAM IM

PROGRAM IM( INPUTvOUTPUT)
REAL L
READ 19 NSETS

READ 3I WiTqLqERqTAND1,SIGMA'it3 FORMAT(7F10.6)
TAND1=TAND1*1.UE-04
S IGMAzSGMA*1.-ULtO7
PRINT 8

A FORMAT(1H "hu//H ,*STRIP METALILATION THICKNESS 250 tICHOINCHES
1*)
PRINT 49 WHTLERTAND1,SIGMA

4 FORMAIC 1HU,2HW9F5.1,3X,2HH=,F5.113X,2HT,7F5.1,3X,2HLg
lFlO.6,3X,3HERtF1u.6,3X,6HTAND1,tE1O.3,3X,6HSIGMAtEl00 3)
FACTOR=C1.uE-U5)*(1./u.3937JO)
WWv* FACTOR
H=H* FAC TOR
T=T*FACTOR
L=L*FACTOR*C1.E+j3)
El=ER
E2=ER+0J.O1*ER
CALL SUSMSF(WHTLE1 'SIGMA'CPDDSO)
P DOSOF=PD OSO
CALL SUSMSF (WHT 'LE2 'SIGMA'CP 'P0050)
CALL 5USMSE(WtHsT9LCE)
A=C*CE
B=CE/C
ZD=1./((3.E+u.8)*SQRT(A))

ARG1=8
ARG2=CE /CP
ER1=1 ./ARGI

ER2= 1 */ARG2
FACTC~lu./2*3
FACTD=27.3/3.E+u8
AC=FACTC*PDL)SOF*ER1*Zk,
AD=FACTD*(Fl/SQRT(ERl))*((ER 2-ERI)/CE2-El))*TAND1
PRINT 5

5 FORMAT(IHU,1X,8HZU(OHMS),5X98HVtMi/SEC)95X,
12OHALPHAC(DB/M' )/SQRT(F) ,5X,14FiALPHAD(DU/M)/F)

PRINT 6,ZOVACAD
6 FORMAT(I.H ,2XF6.2,4XElO.3,8XE1O.3,11XE1O.3)
2 CONTINUE
STOP
END
SUBROUT INE SUSMSF(W,H,TLER,SIGMACHRGPDDSQF)
DIMENSION NC6) ,X(51,6) 'y(51'6 ,ALPHA(51,6) ,BETA1(51,6)9
IBETA2C51,6),6AMMA(51,6),CH(5196),SCH(6),TSCD(51,6,4),A(238,238)
REAL L
COMMON/HELP/Z( 2389238)
EOUIVALENCE(Z,A)
NO=6
N( 1)=43
N(2)=41
N (3) =41
N(4)=31
N(5)=31
N( 6)=51 58
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E0.l/C4.*3.14J 59*2.99776*2.99776E+09)
AAA=3. 14159*4.E-07*3. 14159/SIGMA
RDSQF=SQRT (AAA)
FACTN-'4.*3.14159*3. 14159*RDSUF*8.85E-12
FACTD-'4**3. 14159*1 .E-U7
FACTL=FACTN/FACTD
FACTOR=(.o0E-J5)*( ./(o.3937JO)
DELW=W/20.
E=ER*EO
XC1,1)=-W/2o[1 YC1 ,1)=-0.25*FACTOR
DO 26 I1J;2_01
IP1=I+1
XC IPlt1)=XC I 1)+DELW

26 Y(IP1,1)=Y(1,1)

Y(2291)=0.
Do 27 I=22t41
IP1=I+1
XC IP1,1)=X(19 1)-DELW

27 Y(IP1,1)=YCI11

Y(43,1h=Y11,1)
DELG= (L/2 ) /4U.
X(1 '2)=-L/2.
YC 1 2)=-S
X( 1t3)=L/2.
Y(1'3)=-S
DO 28 I19,40
IP1=I+1
XC 1P1,2b=X(19 2)+DELG
Y( IP192)=-S
XC IP1.3)=X(19 3)-DELG

28 Y(IP193)=-S , j
fELSUB=CL/2*-W/2.)/3u.
Xci '4) -L/2-

Y(l,4)=u.

YC1,5)=O.
DO 29 1I1,3U
IP1l 1+1

X( IP194)=XC I 4)+DELSUB

XC IP19,6)X( IP95)-DL6)

30 Y(IP49,6)=YI4916).L
DELH=H59
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DO 31 1=1,46

IP3=1+3
I P3M1 I P3-i

3XC P396)=X(IP3M1,6)+D:LLL
3Y(IP396)=H
DO 60 1=1942
ALPHA( I ')=l.
BETAiI '1)=O.
BETA2C Iti)=U*

60 GAMMA(191)=lo
D0 61 11,i4U
ALPHA C I ,)=I.

BETAiC 1,2)=0.
BETAIC I 330.e
EIETA2 192h0.o
BETAZI I,3hJ.
GAMMAC I,2h0,

61 GAMMA(1#3)=J.
DO 62 1=193U.
ALPHA( I,4)=Uo
ALPHA( I,5)=0.
BETAiC 1,4)=EO
BETA1CI,5)=E
BETA2(lI 43=E
E3ETA2( 1,5)=EO
GAMMAC I,4)=U.

62 GAMMA(I,5).=U.
D0 63 1=150.
ALPHA C I 6)=U.
BETAIl I6)=E
BETA2(1I 6)=E~

63 GAMMA(1*6)=Q.
XMINzO.
XMAX=O.
YMIN=O.
YMAX=O.
NX=0
NY=O
IDIM=51
R=1,.OE+U05
NAXDIM=238
NAYDIM=238
CALL LPLACF(MONXYALPHAI3ETAlBETA2,GAMMAOCHSCH, 1D1MRPTSCD.
1XMINXMAXNXYMINYMAXtNYNAXDIMNAYDIM)
DELF=W/20*
DELEO.*25*FACTOR
FF1=6*2831852*E*DELF
FF2=6*2031852*EU*DELE
FF4=692831852*EU*DELF
CHRG=O
DO 50 1=1920

50 CHRG=CHRG+FF4*CH( I 1)
DO 51 1=22941

51 CHRG=CHRG+FP1*CHCi,)
CH-RG=CHRGFF2*(CCHC21,1)+CH(42,1))
SUM 0.
DO 64 J=19NO
IFCALPHA(lpJ).NE.1.) GO TO 64

60
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NJ1=N(J)-l
DO 65 I=l'NJl
IP1=I+l
SEGX=X( IP1,J)-X( IJ)
SEGY=Y(IP19J)-Y(ItJ)
SEGARG=SEGX*SEGX+SEGY*SEGY
fG LEN =SORT (S EGARG)

65 SUM=SUM+CH(IJ)*CH(1,J)*SEGLEN
64 CONTINUE

PDD SO= FA CT L*SUM
54 CONTINUE

RETURN
END
SUBROUTINE LPLACFCNONXYALPHABETAlBETA2,GAMMACHtSCHIlDIMtRv
1TSCDsXMINXMAX NXYMINYM1AXNYNAXDIMNAYDIM)
DIMEN$J-ON X(IDIMN0,PY(IDIMN0,9ALPIIAIDIMtN0,BETA1UIDIMNOht

1BETA2C IDIMNO) ,GAMMA( IDIM'NO) 'CHii DIMtNO) ,TSCD( IDIMNO'4) 'NINO),
2A(2389238) tSCH(NO '8(237)
COMMON/HELP/ZI 2389238)
FOUIVALENCE(ZiAl
P1=3.1415925
R R- R'Y R
DO 1 L=19N'O
NN=N(L)-l
DO 1 I=1,NN
XI=X( I+lL)-X( I 'U
YI=Y(1+19L)-Y( It'U
TSCD(iLtl)=ATAN2(YIXl)
TSCD(I,L,2)=SIN(TSCD(I*L,1))
TSCO ItLi,3)=COS(TSCD( I ,Lq))
1TSCD(Itl,94)=SQRT(XI*XI+YI*Yl)
JJ J= 0
DO 4 LJ=1s NOf

NJ=N(LJ)-l''

JAJ=JJJ ~ V~A 0IDG Out.) No,
DO 4 J=19NJ P~1F fY LEM'BLE FROUCTION
YJ=(YCJgLJ)+Y(J+JPLJ)W/2o
111=0
DO 4 1.I=1 NO
NI=N(Ll)-l
111=11 I+NI
IAI=I I I-NI
DO 4 I=19NI

IF(II.EO.JJ) GO TO 3
Xl=XJ-X,' I LI)
X2=XJ-X( 1+1 'LI)
Y1=YJ-Y(IgLl)
Y2=YJ-Y(I+1#LI)
R1-Xl*X1+Y1*Yl
R2=y?*X2+Y2*Y2
s1=0.
S2=0.

X T =Xl~*X 2+Yl1*Y 2
YETA=ATAN2(CYT .XT)
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IF(ALPHA(JLJ)*E0.U.) GO TO 2
Sl=TSCo( ILI,4)*(l.-J.5*ALOG(R2/RR) )+iU.5*ALOG(R2/R1)*(X1*TSCDCILI
193)+Yl*TSCDCILl,2)i+TETA*(X1*TSCD(1,LI,2)-Y1*TSCDCILl,3))

2 TETAI=TSCD(JtLJ91)-.TSCO(ILIo1)
S2=O.5*SIN(TETA1l*ALOG(R2/RlD+COS(TETA1)*TETA
S 3=-S 2
GO TO 4

S2=-PI
S3=-PI

4 A(JJII )=ALPliA(JtLJ)*S1.JBETA(JLJ)*2+BETA2IJLJ)*S3
muO
00 5 L1,tNO

5 M=M+N(L)-l
JJJ=O
DO 6 L=1,NO
~NN(L)-l
JAJ=JJJ
JJJ=JJJ+4N
DO 6 J1,tNN
JJ=JAJ+J

6 B(Jj)=GAMMA(J,L)
CALL ARRAYC29MvMNAXDINNAYDIMAA)
CALL SIMO(AqBtM,KS)
IF CKS.NE.u) PRINT N'-'

100 FORMAT(IHO,18HSYSTEM IS SINGULAR)

JJ=At

DO 8 L=1*NO
NN=N(L)-l

DO 8 J=1.NN

7 CH(JL)=BC(LJ)+T~lIL4* IL

9 DXO.-O
DO T J=ll

iiIF(NY-1)17,12,13

GO TO 14
10 DY=(YMAX-YMIN)/FLOAT(NY-1)

<c' ~14 DO 16 II=1,NX
XJ=XMIN+FLOAT(1I -1)*DX

DO 16 JJ=1,NY
YJ=YMIN+FLOAT(JJ-1 )*DY
AC IIJJ)=U.
DO 16 LZ=1,NO
NN=N(LI )-1
DO 16 I=1,NN
X1=XJ-X(ILI)
X2=XJ-XC 14-iLl)
Y1=YJ-Y( I LI)
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Y2=YJ-Y (1+1 .Ll)
R1=Xl*Xl+Y1*Yl
R2=X2*X2+Y2*Y2I IFCCRl*EO.'J.).OR.(R2.EO.O.)) (30 TU 15
YT=Y(IbLI*X2-Y(I1,LlywX1+YJ*X(141,LII)-X(ILi))
XT=Xt*X2+yl*Y2
TETA=ATAN2(YTgXT)
SI=TSCDC I LI t4) *11 .-U,5*ALOG(R2/RR) )+U.5*ALOGCR2/Rl1 ,CXl*TSCD(lI LI
I,3)+Yl*TSCr)CILI,2))+TETA*(Xl*T6CD(IL!,2)-Yl*TsCD(ILL,3))

15 S1=TSCD(lLl,4)*1.-U.5*ALOGCCR14R2)/RR))
16 AC II JJV=AC II JJ)+S1*CHC i LI)
17 RETURN

SUBROUTINE SCSMSE(WtHsT*LtCH1)
DIMENSION NC3)sX(7u,3),YCW,*3),ALPHAC7U,3),BETA1C7U,3),
I8ETA2(7ui)tGAMMAC7y,3)sCHC70,3),SCHC3),TSCDC7U,3,4),Altl81,18l)
REAL L
COMMON1/HELP/Z( 238 ,238)
EOUI VALFNCECZA1)
NO=3
N 1) =41
NC 2) =70
N(3)=70.
E0=1 /.1 **14159*2.99776*X .9977bi-o9)
FACTOR=(1.UE-'J5)*tC1./U.3*937UO)

XC1, 1)=-W/2*

DO 26 Izlt4U

XC IP1,1)=XC Isl)+DELV.
Y( IPll1)=YC It'I,

BETAiC I 1)=Q*
bETA2(I,1)=0.

26 GAMMACli,)=1.
X(?.?)=-L/2.
Y(192)=-S
YC1-?*)=L/S

DO 27 I=1i69

XCIP]v2)=XI,2)+)EL
YClP12)=YClv2)
XC IPi '3)=X(1I 3)-DELG
Y( LPl,3)=YC 1,3)
ALPHA(192)=l-
BETA1C I 2)=U.
bEIA2C ,2)=0.
GAMMA( I 2)=u.
ALPHA(lI 3)1.-
BETAiC 1,33=0.
BETA2C 1,33=0.

27 GAMMACI,33=U.
XMIN=U.
XMAX=0.
YMIN=U.
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YMAXU.
NX=O
NY=O
IDIM=7O
Rml .OE+'J5
NAXDIM=181

j ~ NAYDIPM181
CALL LPLACE(NO,NX,)YtALPHARETA1)BFTA2,GAMMACHSCHIDlMRThC~o
MIN,9XMAX,9NX,9YMI N YMAX ,NY PNAXO1M vNAYDIM I
CHI=SCH(1)*6.2831852*EU
RETURN
END
SUBROUTINF LPLACE(NONXY)ALPHAsf3ETA1,8ETA2,GAMM4ACHSCH,1DIM'tR*
ITScDXMIINXMAXNX,?t 1TNYMAXN\YNAXDIMNAYDIM)
DIMENSION X(ID1IMNO),Y(IDiMN4O),ALIA(IDIMNO).ETA(IDI4,NU),
1BETA2C 1DIM.NO) ?GAMMA( IDIM'NU) ,CH( IDIM'NU) *TSCD( IDlMtiW,4) ,N(140)0
2AI (181 '181) SCH(NO)sB( 18:)
COMMON/HELP/Z (238,238)
FQUIVALENCE'kZsAl)
P1=3.1415926
RR=R*R
DO 1 L1,tNO
NN=N(L)-l
DO 1 I=1,NN
XI=X(!-lsL)-X(19L)
YI=Y( I+lLh-Y(19 L)
TSCD(IsL,1)=ATAN2(YIXl)
TSCDCIoLt2)=SIN(TbCD(1,0l,))

TSCD(ILt3)=COS(T5CD(I)Lol))
I TSCD(1,L,4)=SORT(XI*XI+YI*Yl)
JJJ=O
DO 4 LJ1 'NO
NJ=N(LJ)-1
JAJ=JJJ
JJJ=JJJ+NJ
DO 4 J1,tNJ
JJ=JAJ+J
XJ=(X(JtLJ)+X(J+lLJ))/29
YJ=(Y(Jt,j)+Y(J+1,LJ))/29
111=0
DO 4 LI=19NO
N)=N(LI )-1

IAI=I I1-Ni
DO 4 11,tNI
ll=1A1+I
IFCII.EO*JJ) GO TO 3
X1=XJ-X( I LI)
X2=XJ-X( 1+1 9LI)
Yl=YJ-Y(JvLI)
Y2=YJ-YC 1+1*Ll)
Rl=X1*Xl1+YI*Y1
R2=X2*X2+Y2*Y2
S1=o,
S2=O.

XT=X1*X2+Y1*Y2
TETA=ATAN2 'YT ,XT)
lF(ALPHA(JsLJ).oE0.0) GO TO02
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Sl=TSCD(T)LI,4)*C(.-.tJ-s*ALOG(R2/RR))+Us*ALOG(fR2/Rl)*(Xl*TSCD(ILI

? TETA1=TSCD'JLJsl)-TSCD(liLlt1)

S2=0.5*SIN(TETA1)*ALOG(R2/R1)+COS'(TETA1)*TETA
S3=-S2
60 TO 4

iS1=TSCD(liLI,4)*C1.-ALOG(TSCD(lILI,4)/2./R))
S2=-P 1
53=-Pi

4 A(JJ, II)=ALPHA(JLJ)*Sl+BETA1(JLJ)*S2+BETA2(JLJ)*S3
M=0
DO 5 L1,tNO

JJJ=O
DO 6 L::1,NO
NN=N(L)-l
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J=1,NN
JJ=JAJ+J

6 B(JJ)=GAMMA(JL?
CALL ARHiAY(2,',MNAXDIMN AYDIMAA)
CALL SIMQ(ABMKS)
IF (KS.NE.U) PRINT 1'uv

IVO FORMATC1HU,18HSYSTEM IS SINGULAR)
JJJ=0
DO 7 L=19NO U
NN=NCL) -1 BBCur~r DOE UUI 1T
JAJ=JJJ GOP, W ILM ILL
JJ J=JJJ 4NN

V ~~~~JJ=JAJ+J Fi~ IilY~ BBEIR U D
7CHCJtL)=EB(JJ)
DO 8 L=19NO
N(4N N L) -l
SCH (L)=L).
Do 8 I=1,NN

8 SCFI(L)=6CHl(L)+TSC I ,L,4)*~CH(JI L)
IF(NX-l)17t9,1'j

9 DXz0.
00O TO 11

10 DX=(XMAX-XMIN)/FIOATCNX-1)
11 IF(NY-1)17,12,13

12 DY=0.
GO TO 14

11 Oy=(YMAX-YMIN)/FLOAT(NY-1)
14 DO 16 II=1,NX

XJ=XMIN+FLOATC I -1)*DX

DO 16 JJ=lvNY
YJ=YMIN+FLOATCJJ-1 )*DY
AUI,9JJ)=Uo
DO 16 LI=1,NO
NN=NCLl)-1

DO 16 I1ltNN
X1=XJ-X(li LI)
X2=XJ-X( 1+1 LI)
Yl=YJ-YCI LI)

Y2=Yj-Y I+ltLI)
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R1=Xl*Xl+Y1*Yl
R2=X2*X2+Y2*Y2
IF(UR1.EQ*OW.*OR(R2*EQoOo)) GO TO 15

XT=X1*X2+Y1*Y2
TETA=ATAN2(YTgXT)
Sl=TSCD tLI94)* i.-O*5*ALOGC R2/RR ))+0.5*ALOG(CR2/Rl)*( Xl*TSCD ItLI
1,3)+Yl*TScDCILI,2))+TETA*CX1*TSCDILI2)-Y1*TSCD(I1LI93))
GO TO 16

15 S1=TSCD(ILI,4)*(1.-0.5*ALOGCCR1+R2)/RR)v
16 A(IIJJ)=A(IIJJ)+S1*CH(IPLI)
17 RETURN

END
SUBROUTINE ARRAY (MODEIJsNtM*S*D)
DIMENSION SC1)*D(l)
NI=N-I
IF(MODE-1) 100,100,1.20

100 1J=1*J+1
NMzt4*J+ 1
DO 110 K=1,J
NM=NM-N I
DO 110 L=1,I

NM=NM-1
110 DCNM)=S(IJ)

GO TO 140
120 IJ0O

NM=O
DO 130 K=19J
DO 125 L~ltI

NM=NM+ 1
125 SCIJ)=D(NM)
130 NM=NM+NI
140 RETURN

END

DIMENSION A(1)qB(1)
TOLO0

JJ=-N
DO 65 J=ltN
J Y= J+ 1
JJ=JJ+N+1
BIGAsO.
IT=JJ-J
DO 30 I=JqN
IJ=IT+I
IFCABS(BIGA)-ABS(A(IJ))) 20930930

20 BIGA=A(lI)
IMAX=I

30 CONTINUE
IFCABS(BIGA)-TOL) 35,,35,40

35 K51l
RETURN

40 I1=.J+N*CJ-2)
IT=IMAX-J
DO 50 K=JqN
ll=I1+N
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12=Il+IT
SAVE=AC( 11)
AC I1)=AC12)
AC(12)=SAVE

5o ACI1)=ACI1)/BIGA
SAVE=BC IMAX)
BC IMAX)=BCJ)
BCJ)=SAVE/BIGA
IFCJ-N) 550,955

55 Q=*J1
DO 65 IX=J(vN
IxJ=IQs+IX
IT=J-IX
DO 60 JX=JYtN
IXJX=N*CJX-1)+IX
JJX=IXJX+IT

60 ACIXJX)=A(IXJX)-(A(IXJ)*ACJJX))
65 B( IX)=BCIX)-CBCJI*AC IXJ))
70 NY=N-1

I T N*N
DO 80 J=1,NY
IA=IT-J
IB=N-J
IC=N
DO 80 K=19J
BCIB)=B(iB)-ACIA)*BCIC)
IA=IA-N

80 IC~IC-1
RETURN
END

67
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Appendix D

LISTING OF PROGRAM TIM

PROGRAM TIM
REAL L
READ Is NSETS

1 FORMATC 110)
DO 2 MN=1sNSETS
READ 3t W9S9HsTtL9ERTAND19SIGMA

3 FORMAT(8Fl0*6)
TAND1=TAND1*1 .UE-04
SIGMA=S IGMA*1 .UE+07
PRINT 8

8 FORMAT(lH *////lH ,*STRIP METALIZATION THICKNESS 250 MICROINCHES
1*)
PRINT 4w WtSHtTtLvER9TANDltSIGMA

4 FoRMAT( 1HO,2HWlF5.1,3X,2H5,9F5.1,3X,2HHsF5.1,3X,2HT,9F5.1,
13X.2HL=9Fl0.6,3X,3HER=,F10J.6,3X,3HTAND1=,E1O.3,3X,6H$IGMA=,ElO.3)
FACTOR= 1.OE-05)*( 1./'J393700)
W=W*FACTOR
S=S*FACTOR
HH*F ACTIOR
S= T* FAC TOR
L=L*FACTOR* (10E+03)
E1=ER
E2=ER+U.01* ER
CALL TIMF(WSHTLE1 ,SIGMACPDDSQ)
PDD SQF=PD DSQ
CALL TIMF(WSHT 'L'E2 'SIGMAPCPgPDDS0)
CALL TIMECWqSHTLtCE)
A=C*CE
B=CE/C
ZO=1./( (3.E+08)*SQRTCA))
V=3.E+08*SQRT (B)
ARO 1=8
ARG2=CE/CP
ER1=1./ARGI
ER2=19/AR,2
FACTC=10*/2.3

FACTD=27.3/3.E+08
AC=FACTC*PDDSQF*ER1*Zu
AD=FACTD*(El/SQRT(ERl))*((ER2-ER1)/(E2-Ei))fldANDI
PRINT 5

5FORMAT C HO , X, 8HZO COHMS) ,5X '8HV CM/SEC) 5Xt
12OHALPHACCDB/M)/SORT(F),5X)14HALPHAD(DB/M)/F)
PRINT 6,ZOVACtAD

6 FORMAIC 1H ,2XF6.294XE1O.3,'8XE1U.3,11lXsEl.3)
2 CONTINUE

STOP
END
SUBROUT INE TIMF(WSHTLERSIGMACHRGOPDDSQF)
DIMENSION N(6),X(43,6),Y(4396),ALPHA(43,6),BETA1C43,6),
1BETA2(43,6),GAMMA(43,6),CH(43,6),SCHC6),TSCD(43,6,4),A(181,18l,,
2A1 (181,181)
REAL L
COMMON/HELP/AAl
EQUIVALENCE(AgAl)
NO=6
N(1)=43
N(2)=41
N3) =41

N(4)1168
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N (6) =34
E01t/ C4.*3.14159*2.99776*2.99776E+09)
AAA=3. 14159*4.E-07*3. 14159/SIGMA
RDSQF=SQRT CAAA)
FACTNJ4.*3.14159*3.14159*R)SQF*8.85E-12
FACTD=4.*3. 14159*1*E-07
FACTL=FACTN/FACTD
FACTOR=(1.OE-05)*C 1o10.393700)
DELW=W/20.
E=ER*EO
XC 191)=-W/2.
Y( 191)=-0.25*FACTOR
DO 26 1=1,20
!P1=I+1
XCIPlpl)=XCIol)+DELW

26 YCIPlt1)=Y(1,1)
XC 22 ,1) =XC2191)
Y22.1) =0.

DO 27 1I-22941
IP1=I+1
XC IP1.1)=XC I ,)-DELW

27 YCIP1,1)=YCI,1)
X(43t1)=X(lo])
Y43 .1)=YC 1,)
DELGC(L/2.-W/2*-S) /20.
DEL T=T/10.
DELCW2=CW/2.+S)/10.
XC1.2 )=-L/2.
YCI,2)=v.
X( 21.2) =-(W/2. )-S

Y (21,2)=O
XC31,2)=XC2192)
Y(C 1 .2) =-T

YCli,3)=O.

X(21#3.)=XC2)+DEL
YC I193)=0.
XC IP13)=XC I ,3)-DL

28Y(I193)=-T

DO 28 1-19

XC1P12)=X I2M12
YCIP2I,)=X(ltP2M1,2-DE

28 Y(P213)X(IP1M.3

YIP213)=1P12

1P31=1+31
Ip31M1=1P31-
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XC 1P3l,2)=XC 1P31M1,2)+DELCW2
YC 1P3192)T
XC 1P31,3 )=XC 1P31Ml,3)-DELCW2

228 Y(IP3l,3)=YC1P31,2)
DELS=S/1O
X(194-)=-W/2--S
Y(1,4)=0.
XC 1,5) =W/2.+S
Y(lt5)0.o
DO 29 1=1,10

XC IP1,4)X(1I 4)+DELS
Y( IPlt4)=0.-
XC IPl,5)=XC I95)-DELS

29 YCIPi,5)=0.
DEL H=H/2*
DE-L=L/29.
XC 196)=-L/2*
YC 1,6)=Uo
X(32t6)=L/2o
Y(32,6)=H
DO 30 I=lt2
IPI=I+1
IP32=1+32
IP32M11P32-1
XC IPI-6)=XC I 6)
Y( IP1,6)=Y(It6)+DELH
XCIP32,6)=XCIP32Ml#6)

30 YCIP32,6)=YCIP32M1,6h-DELH
DO 31 I=1929
IP3= 1+3
IP3Ml11P3-1
XCIP3,6)=X(1P3M1,6)+DELL

31 1 CIP396)=Ii
DO 60 1=1'42
ALPHA( I ,)=1.
BETA (1,1) =0.
BETA2 1,1 )=0o

6o GAMMACI,1)1.o
00 61 l=lp40
ALPHAUs2)=l.
ALPHA(193)1.#
BETAiC I 2)=Ue
BETAiC Ig,3)0O.
BETA2(1I 2)=Oo
BETA2(lI 3)0O.
GAMMAC I 2)=0.

61 GAMMACI13)=U.
Do 62 1=1,10
ALPHAC I 4)=0.
ALPHAC I 5)0.,
BETA1C I 4)=E0
BETAiC I 5)=E
BETA2(1I 4)=E
BETA2C I 5)=E0
GAMMA(194h=O-

62 GAMMA(1,5h0.o
DO 63 I=1t33
ALPHAC .6)0.-
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BETAiI '6)=E
BETA2(1I 6)=EO

63 GAMMA(Iv6)=O.
XMIN=Uo
XMAX=W.
YMIN=Oo
YMAX=Oo
NX=O
NY=O
IDIM=43
R=1.OE+U5
NAXDIM=181
NAYDIM=l

CALL LPLACFCNONXtYALPHA.BETA1,BETA2,GAMMACHSCHtIDIMRTSCDs
1XMINtMAXoNXYMINYMAXNYNAXDIMNAYDIM)
DELF=Wi20o
DELE0. 25*FACTOR
FFI=6*2831852*E*DELF
FF2=6o2831852*EO*DELE
FF4=6.2831852*EU*DELF
CHRG=U.
D0 50 11,s20

50 CHRG=CHRG+FF4*CH( Il1)
DO 51 1=22941

51 CHRG=CHRG+FF1*CH( I 1)
CHRG=CHRG+FF2*(CH(21,1)+CH(4291))
SUM~O.
DO 64 J=19NO
IF(ALPHA(1,J).NE.1.) 6010O64
NJI=N(J)-l
DO 65 I1'NJ1

SEG=Xl~PI+X(PJ

SEGY=Y( IP1.J)-Y(ItJ)
SEGARG=SE GX*SEGXi-SEGY*SEGY
SEGLEN=SORT (SEGARG)

65 SUM=SUM+CH( I J)*CH(1I J)*SEGLEN
64 CONTINUE

PDDSOF=FACTL*SUM
54 CONTINUE

RETURN
END

SUBROUTINE LPLACF(NONXyALPHABETA1,BETA2,GAMMACiSCH, IDIMtR'
ITSCDXMIN,9XMAXNXYMINYMAX .NYNAXDIMNAYDIM)
DIMENSION X(IDIMNO),YtIDIMN0),ALPHA%IDIMNO),bEiAl1UDIMNU),

1BETA2CIDIMNO),6AMMAtIDIMNO),CHIDIMNUlioCUIUIMNU,4),eNfU)9

COMMON/HELP/AtA1
EQUIVALENCE (A4A1)
P1=3.1415926
RR=R*RI,- DO 1 L=19NO
DO 1 I=19NN

YI=Y( I+1,L)-Y( IL)

TSCD IL,1)=ATAN2(yIXI)
TSCD(IoL,2..=SIN(TSCD(Iwl-01))
TSCDC IL,3)=COS(TSCD( I L91))
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1 TSCD(IL,4)=SQRTCXI*XI+Y*I*YI)

D0 4 LJ=1*NO
NJ=N(LJ)-l
JAJ:JJJ
JJJ=JJJ+NJ
DO 4 J=1,NJ
JJ=JAJ+J
XJ=(X(JtLJ)+X(J+19LJ) )/2.
YJ-IY(J 'LJ)+Y(J+1 tLJ) 3/2-
111=0
DO 4 L11'tNO
NI=N(Ll)-l
II I= I I+N I
IAI=I II-NI
DO 4 11,#NI

IF(II.EO.JJ) GO TO 3
X1=XJ-XC 9I')
X2=XJ-X( 1+1 'LI)
Yl=YJ-Y(19 LI)
Y2=YJ-Y (1+1 LI)
Rl=X1*Xl+Yl*Y1
R2=X2*X2+y2*Y2

S2=0.

XT=Xl*X2+Y1*Y2
TETA=ATAN2iCYT ,XT)
IF(ALPHA(JqLJ)*EO.U*) Go TO 2
S1=TSCD(ILI,4)*1.-.U,5*ALOG(R2/RR)).I..5*ALOG(R2/Rl)*(Xl*TSCD(IsLI

1,3)+Yl*TScf)(1,LI,2))+TETA*CX1*TSCD(ILI,2)-Y1*TSCD(1,LI,3))
2 TETA1=TSCD(JtLJt1)-TSCD( I LI p1)

S2=O. 5*S IN(CTETA1) *ALOG( R2/Rl) +CLJS IE IA1)*IEIA
S3=-S2
GO TO 4

3 Sl=TSCD(ILI.4)*C1.-ALOG(TSCD(ILI,4)/2./R))
S2=-PI
S3=-PI

4 A(JJII )=ALPHA(JLJ)*S1+BETA1(JLJ)*S2+BETA2CJLJ)*b3
M=0
DO 5 L1,PNO

5 M=M+N(L)-l

JAJ=JJJ
JJJ=JJJ+NN
DO 6 J=19NN
JJ=JAJ+J

6 B(JJ)=GAMMA(JgL)
CALL ARRAY(2#MqMqNAXDIM#NAYDIMAA)
CALL SIMO(ABMKS)
IF (KS.NIE.O) PRIN~T 100

100 FORMAT(1H0918HSYSTEM IS SINGULAR)
JJJ=0
DO 7 L=1%NO
NN=N4(L)-1
JAJ=JJJ
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JJJ=JJJ+NN

DO .7 J1,PNN
JJJAJ+J
7CH(J,L)=B(JJ)
DO 8 L=19NO
NN=N(L)-1
SCH(L)=Uo
DO 8 1=1,NN

8 SCH(L)=SCHC(L)+TSCD(IL,4)*CH(IL)
IF(NX-1) 17t9,1k)

9 DX=O.
GO TO 11

10 DX=(XMAX-XMIN?/FLOATCNX-1)
11 IF(NY-1)17,12t13

12 DY=Oo
GO TO 14

13 DY=(YMAX-YMIN)/FLOAT(NY-1)
14 DO 1.6 II=1,NX

XJ=XMIN+FI OAT( TI-i)*DX
DO 16 JJ=1,NY
YJ=YMIN+FLOAT CJj- ) *DY
AC IIJJ)=0.
DO 16 L1,NO

NN=N(LI )-1
DO 16 11NN

X2=XJ-XC 1+1 DLI)
Y1=YJ-Y( I LI)
Y2=YJ-Y( 1+1 9LI)
R1=Xl*X1+Yl*Yl
R2=X2*X2+y2*Y2
IF(1R1.EQ*Uo)*OR*CR2*EO*.0J) GO 10 15
YT=YCILI)*X2-Y(1+1,LI)*X1+Yjw(ACI+lLI)-AtILl))
XT=X1*X2+Y1*Y2
TETA=ATAN2( YT ,XT)
S1=TSCD(ILI,4)*(l.-U.5*ALOG(R2/RR))+U.5*ALOGR2R)*t.1*CDLI,LI

GO TO 16
15 Sl=TSCD(1,LI,4)*(1.-vj.5*ALOG(CR+R2)/Rk))
16 AC II JJ) =A(1II JJ) +S1*CH I ,LI)
17 RETURN

END
SUBROUTINE TIME(W,StHTtL,CH1)

2A1( 181, 181)

COMMON/HELP/AsA1
EQUIVALENCE(AtAl)
NO=3
N 1)=41
N(2)=7U
N(3)=70
EO=1 .1(4.*3. 14159*2.99776*2.99776E+09)
FACTOR=(I9UE-U5)*(1./U93937UJ)
DEL W=W/40.
DELG=(L/2*-W/2 .-S) /39.
DELT=T/10.
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DE.LCW2=(W/2.+S)/20*
XC 1,1)=-W/2.

DO 26 1=1,40
1P1=I+1
Xc IP191)=X( Itl)+DELW
Y( Ip1,1)=YC It13
ALPHA( I '1=1.
BETAiC 1,13=0.

BETA2CI,1)=0.
26 GAMMACItl1h1.

Xci ,2)=-L/2.
Y(192)0.o
X(lt3)=L/2*
YC 1,33=0.
XC4Ot2)=-W/2.-S
Y(4092) =0.
XC 50,2l=XC40#21
YC50,2)=-T
X(40t3)=W/2.+S
Y(40t3)=0.
XC 50,3) =X( 40,33
Y(50t3)=-!i
DO 27 1=1,38

XCIP1,2)=X(I,2)+DELG
Y( IP192)=YC1,2)
XC 1Pl,3)=X(19 3)-DELG

27 YCIPlv3)=YCI,3)

DO 227 1=199
1P40=1+40
1P40M11!P4U-1

X(IP4Ut2)XIP4JMjt2)
YC 1P4'J2)=YC P41M12)-DELT
XC1P4u,3'PXCIP4JMlp3)

227 Y(IP4U,3)=Y11P4UM1,3)-DELT
DO 228 1=1,20
1P50=I+5O

IP5OMl= IP50-i
XC!P5U,2)=X(IP5JM1,2'+DELCW2
y P50 ;2Y1IP'JMM,12
XC 1P50,3)=XC P50M1,3)-DELCW2

228 YC1P5v,3)=YCIP5uM1,33
DO 229 1=1,69
ALPHAC 1,23=1.
B'iTA1C I 2)U.

BETA2CI,2)=0.
GAMMA(1I 2)0.o
ALPHA CI 3)1.-
BETAiC1,33=0,
BE1A2C 1,33=0.

229 GAMMACI,330.-
XMIN=Oo
XMAX=U.
YMIN=O*
YMAX=09
NX =0
NY=O
IDIM=70
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R1l oOE+05
NAXDIM=181
NAYDIM=181
CALL LPAENPts-tALH#E oEAtAM~CtCtD~~ ibCDO

IXMINsXMAXNXYMINYMAXNYNAXDIMtNAYDIMI
CH1=SCH( 1)*6o2831852*EV
RE TURN
END

* SUBROUTINE LPLACE(NONXYALPHABE IAl,8E1A2,GAMMA9CHSCHlDIltlR'
1TSCDXMINXMAXNXtYMINYMAXtNy)NAXDIMtNAYDIM)
DIMENSION X(IDIMNO),y(IDIMNO),ALPHAtIDIMtNO),BEIA1lDlMtNU)t
lBETA2(IDIMNO),GAMMAiIDIMNO),CHcIDIMNO)trSCDlDMtNO94i#NtNO)I
2A(181,181),SCHCNO)9B(180),Al(18ltll)
COMMON/HELP/A.A1
EQUIVALENCE(AsA1)
P1=3.1415926
RR=R*R
DO 1 L=1,NO
N N = N L) -1
DO 1 1=1tNN
XI=X( I+1,L)-X( ItL)
YI=YC +1,L)-Y( I 'U
TSCD IL,1)=ATAN2(YiXI)
TSCD( I Lt2)=SIN(TSCD(I,1,1))
TSCDC I ,L,3)COSCTSCDI I t.t))

iTSCDCIL,4)=SQRT(XI*XI+YI*YI)
JJJ=0
DO 4 LJ1,tNO
NJ=N(LJ)-1
JAJ=JJJ
JJJ=JJJ+NJ
D~i 4 J=1,NJ
JJ=JAJ+J

YJ=(Y(Jv!'JH-Y(J+lsLJ))/20

DO 4 LI1,tNO
NI=NCLl)-1
111=11I+NI
IA Iz Il-NI
DO 4 I=10NI
I I=IAI+I
IFIII.EQ*JJ) GO TO 3
X1=XJ-X( I LI)
X2=XJ-XCI+19LI)
YI=YJ-Y(Ig LI)
Y2=YJ-Yil+1,LI)

R2=X2*X?4 (2*Y2
I+.L )AI'L)

52=0.

XT=Xl*X2+Yl*Y2
TE'rA=ATAN2 (YT 9)l
IF(ALPHA(JgLJ)*EQeU*) GO TO 2

S1--TSCD( I pLI 4)*( 1.-O.5*ALOG(R2/RR) )+U.5*ALOG(R2/K-1 )* t(1IbCDt I LI

2 TETA1=T-SCDCJLJ91)-TSCD(ItLI'l)
'S2=0.S*SIN(TETA1)*ALOG(R2/Rl)+CO(,IEIAI)*IEIA
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S3=-S2
GO TO 4

3 Sl=TSCD( I'LI ,4)*( 1.-ALOG(TS'%D( I LI i4)/2./R)I
S2=-PIK I S3=-PI
A(JJII)ALPHA(JLJ)*Sl+BETAI(JLj)*b,2+BETA2(JLJ)*S3
m=0
D0 5 L1,tNO

5 M=M+N(L)-l
JJJ:=0
DO 6 L1,tNO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J1,tNN
JJ=JAJ+-J

6 B(JJ)=GAMMA(JtL)
CALL ARRAY(2,MMNAXDIM,*NAYOIMAA)
CALL SIMO(A,3tMvKSI
IF (KS.NE.O) PRINT IUQA

100 FORMATC3HO,18HSYSTEM IS SINGULAR)
JJJ=O
00 7 LnltNO
NN=N(L)-1
JAJ=JJJ
JJJ=JJJ+NN
DO 7 J=19NN
JJ=JAJ+J

7 CH-(JsL)=B(JJ)
DO 8 L1.tNO
NN=N(L)-l
SCH(L)=U*
DO 8 1=1,NN

8 SCH(I..bSCH(L)+TSCD(JL,4)*CH(1,L)
IF(NX-1)j7,99P(J

9 DX=O.
GO TO 11

10 DX=(XMAX-XMIN)/FLOAT(NX-1)
11 IF(NY-1)l7,12,13

12 DY=Oo
GO TO 14

13 Dy=(YMAX-YMIN)/FLOAT(NY-1)
14 D0 16 ll=1,NX

XJ=XMIN+FLOATC I -1)*DX
DO 16 JJ=19NY
YJ=Y.141N+FLOAT(j)J- ) *DY
A(IIJJ)=U.
DO 16 LI=lPNO
NN=N(LI )-1
DO 16 !11NN
X1=XJ-X( I LI)
X2=XJ-X( I+19LI)
Y1=YJ-Y(lI'LI)
Y2=YJ-Y( I+1#LI)
R1=X1*x1+YI*Y1
R2=X2*XZ+Y2*Y2
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TETA=AkTAN2( YT tXT)
Sl=TSCD( I LI 04)*( 1.-0.5*ALOG(R2/RR) )+O.5*ALOG(R2/R1 )*(Xl*T!)COCI iLI

1i3).+Yl*TSCDCILIZ))+TETA*(X1*TSCDCELl,2)-Yl*1,'CD(ILI,3l)

15 S1=TSCD(ILI,4)*C1.-O.5*ALOG((Rl+R2)/RR))
16 ACIIJJ)=A(IIJJ)+S*CH.IILI)
17 RETURN

END
SUBROUTINE ARRAY CMODEtl*J9NvM9SsD)
DIMENSION S(l),D(1)

IF(MODE-1) 100,100,12U
100 IJ=I*i+1

NM=N*J+1
DO 11U K=1,J
NM=NM-NI
DO 110 L=lI
IJ= IJ-1
NM=NM- 1

110 D(NM)=SCIJ)
GO TO 140

120 1J0O
NM=O
DO 130 K=19J
DO 125 L=19I
IJ=IJ+1
NM=NM+1

12 SCIJ)=D(NM)
130 NM=NM+NI
140 RETURN

END
SUBROUTINE SIMO(ABNKS)
DIMENSION A(1),tb(1)
TOL=0.O
KS=O

JJ=-N[DO 65 J=19N

JJ=JJ+N~1
BIGA=0.
I T=JJ-J
D0'30 1=JtN
IJ=IT+I
IF(ABS(BIGA-ABS(AIJ))) 2U,30,30

20 BIGA=A~j)
IMAX=I

L -~30 CONTINUE
IF(ABS(BIGA)-TOL) 35935P40

-I35 KS1l
RE TURN

40 I1=J.&N*(J-2)
ITzIMAX-J
DO 50 K=JtN
11=11+N
12=11+IT
SAVE=AC Ii)
AC 11V)A( 12)
A( 12)=SAVE
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SAVE=B(IMAX)
81 IMAX)=81J)
BCJ)=SAVE/BIGAA IF(J-N) 55,70,5

55 IQS=N*CJ-11
Do 65 IX=JY*N
I XJ=IQS+IX
IT=J-IX
DO 60 JX=JYsN
IXJX=N*(JX-1)+IX
JJX=IXJX+IT

60 AIIXJX)=AIIXjX)-1A(IXJ)*A(JJX))
65 B(IX)=BlIX -(B(J)*A(IXJ))
70 NY=N-1

I'f=N*N
DO 80 J~lNY
TA=IT-J

2 IB=N-J
iC=N
DO 80 K=1'J
BC 18 )=BIB)-A('IA));BC IC)
IA=IA-N

80 IC=IC-1
RETURN
END
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Appendix E.1 LISTING OF PROGRAM LEMDOC
REAL L
READ 19 NSETS

1 FORMATC 110)
DO 2 MN1,sNSETS

READ 3tWtStTvHvL9ERTAND1,SIGMA
3 FORMATC81U.6)

TAND1=TAND,*1*E-0J4
SIGMA=SIGMA*1*E+07
PRINT 8

8 FORMAT(I.H 9/i//H P*STRIP METALIZATION THICKNESS 250 MICROINCHES
1*)
PRINT 4vWsS9TvHqLtERPTAND1qSIGMA

4 FORMAT(1HU,2HWtF5.1,3X,2HSpF5.1 ,3X,2HT~,
lFS.1,3X',2HH=,F5.1,3X,2HL=,F10.6,3X,3HER=,F1O.6,3X,
26HTANDI=,ElU.3 ,3X,6HSIGMA=,ElU.3)
FACTOR=(l.UE-05)*(l*/U*3937U0)
W =W* FACT OR
S=S*FACTOR
T=T* FAC TOR
H=H*FACTOR
L2;L*FACTOR*(l*1.u3)
El=EP
E2=ER+0. 01*ER
CALL MSCUPF(WSTHLElSIGMACOCEPDDSQOPDD$QE)
PDDSFO=PDDSO
PDDSF E=P DDS GE
CALL MSCUPF(WSTHLE2 ,SIGMACOPCEPPDDSUOPDDSUE)
CALL MbCUPE(WsS9TqHtL9EltCLOtCEE)
AE=CE*CEE
AO=CO*CEO
BE--*CEE/CE
80,-CEO/CO
ZOF=11/(3,UE+,8)*SoRTIAL))
ZO~nl./( (3.UE+08)*SORT(Ao))
AA=ZOL-ZOO
ZO=SORT(AA)
VE=3.UE+08*SOR1 (BE)
VO=3.UE+08*SQRT (BO)
VAVGC(VE+VO)/,
RHO=ZOE/ZOO

CDB-,-20.*ALOG10CC)
ARGlE=BE
ARG1O=BO

rl AR(,2E=CEF./CEP
vI ARG20=CEO/30P

ERIE=1./ARGlE
ER10=1./ARG10
ER2E=1./ARG2E
ER20=1./AR020
FACTC1lUo/293
FACTU=27*3/3*E+08
ACE=FACTC*PDDSFE*ERlE*ZOE
ACO=FACTC*PDDSFO*ERIO*ZOO
ADE=FACTD*CEl/SQRT-(ER1E))*((ER 2E-ERl)/(E2-El))*TAND1
ADO=FACTD*(E1/SQRT(ERIO))*((ER2ER1)/(EZ.E))*TAND
PRIIVT 5

5 F&RMAT(l1H0,1X,5HC(DB),3X,8HZO(OHMS),2X,9HZOO(OHMS),t,
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19HZOE(OHMS),5X,9HVO(M/SEC),5X,9HVE(M/SEC),5X,
211HVAVG(M/SEC))
PRINT 6tCDB#ZOtZOOZOEvVOgVEtVAVG

6 FORMAT(li H FS.2,5XF6.2,5XF6.2,5XF6.2,5XE1O.3,5XElO.3,
15XsE10.3)
PRINT 7

7 FORMAT(lHt2UHALFACQ(DB/M)/3QRT(F)95X,2OHALFACE(DB/M)/SQRT(F),5X,
114HALFADO(DB/M)/Fs5Xt14HALFADE(DB/M)/F)
PRINT 8qAC0#ACEqADOADE

8 FORMAT( 1H ,5XE1u.3,15XE1U.3,12XE1O.3,9XEl0.3)
2 CONTINUE
STOP
END
SUBROUT INE MSCUPF(Vi STHLERSIGMAOCF .PDbSQOPDDSQE)
DIMENbION N(6)9XC46,6),Y(46t6),ALPHA(46,6),BETA1(46,6)s
1BETA2(46,6),GAMiMA(4696),CH(4696),SCH(6),TSCD(46p6,4),A(la1,181),
2A1( 1329132)
REAL L
COMMON/HELP/AtAl
EQUIVALENCE CAvAl)

N(1 )=43

N(3)=46
N(4)=13
N( 5)=13
NC6)=23
EG=1./C4.*3.141!59*2.99776*2.*iv776E+09)
AAA=3el4159*4.LO7*314l9/SIaMA
RDSOF=SQRT(CAAA)
FACTN=4.*3.14159*3. 14159*RDSQF*8.85E-12
FACTD=4o*3*14159*1 .E-v.7
FACT -=F-ACTN/F ACT)
FACTQR=(l.bE-Q5*(l/v3937QJU)
DE' W=W/2O.
E=ER*EO
XC 1 ,1'=-CS/2. )-W
YC1,1)=H
X Cl t2 3-XC 1, )
YC 1 2)=H
DO 26 1=1,2U
IP1= 1+1
XCIP1,1)=XCI,1)+DELW
YCIP191)=H
X(IP192)=X(l,2lDELW

26 YCIP19Z)=H

YC 2291 3=O.25*FACTOR+H
X(2292)=XC2192)
YC22t2)=Y(22ol)
D0 27 I=22t4l

XC IP'l)=XC I ')-DELW
YC IP1.1)=YC I 1)
XC IP192h=XC I 2)+DELW

27 YC1P192)=YCI,2)
XC 439,1)=X( 1,1

X( 43 '2) =XC 12)
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Y43.2 3=YC 192)
DELL=L/45.
Xli ,3)=-L/2*
YC 1 3)=U.
DO 28 1=1945
IP1=1+1
XC IPl,3)=X(I9 3)+DELL

28 YCIP1,3)=O.
DELH=H/2.
XC 1,4)=X(193)
YC 1 4)=U.
XC ( 095)=L/ 2.
YC 1 5)=U.
DO 29 1=192
IPI= 1+1
XC IP1.4)=X(1q4)
YC IP1.4)=Y(1I 4)+DELH
XC IP1.5)=XC 1.5)

29 Y( 1P1,5)=Y( I 5)+DELH
DEL=(L/2.-CS/2.+W) )/lv.
DO 30 1=3o12

XC 14)=XC I 4)+DEL
Y( IP1,4)=H
XC IP195)=X( 195)-DEL

30 Y(IPli5)=H
XC I 6)=-S/2 .-W
YC 1 6)=H+0.25*FACTOR
XC 21,6) =S/2 .+W

Y( 2196) =Y( 1 6)+T
DELT=T/2.
DO 31 1=1.2

1P21=1+21
IP21M1=1P21-1
XC IPlt6)=X(lI 6)
Y( 1P1,6)=YC It6)+DELT
XC IP21,6)=X( IP21M1 '6)

31 Y(IP21,6)=YCIP2lM1,6)-DLLT
DELOV=(2*W+S) /18.

32 3 132

IFCKKK-U) 38p37938
C ODD MODE

3'7 CONTINUE

-~ I DO 332 J=192
Do 33 1=1.42
ALPH-AC I j)=1.
BETAiC I j)=Ut
BETA2(lg j)=Uo
GO TO (34,35)gJ

34 GAMMA(1,j)1.o
GO TO 33

35 GAMMA(IJ)=-1.
33 CONTINUE
332 CONTINUE
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KKK=KKK+1
GO TO 39

C EVEN MODE
38 CONTINUE

DO 40 J1l2
DO 41 1=1'42
ALPHA( I j)1.e
BETA1( I j)=Oo
BETA2( ItJ)=Ot

42 GAMMA(IJ)=1.
41 CONTINUE
40 CONTINUE
39 CONTINUE

DO 36 1=1945
ALPHA(I,3h1.-
BETA1(19 3)=0.
BETA2CI ,3)=0.

36 GAMMA(1,3)=O-
DO 45 I=1'12
ALPHA( I 4)0.-
BETAl C94) =E
8ETA2(lt 4)=E0
GAMMA(C114) =C.
ALPHA(lI 5b0O.
BETAI15)=Eu
BETA2(1I 5)=E

45 GAMMA(I,5)=U.
DO 46 11'i22
ALPHA(1I 6)=0.
BETAiC I 6)=E
BETA2(1I 6)=EU

46 GAMMAC.It6)=U.
XMINO0.
XMAX'o.
YMIN=U.
YMAX=U.
NX=O
NY=O
IDIM=46
R=1 .OE..-5
NAXDIM= 181
NAYD IM= 181
CALL LPLACF(NONXYALPHABETAlBETA2GAMMAC6CHGi, Di,RTSCD,
IXMINXMAXNXYMINYMAXtNYNAXDIMNAYDIM)
DELF=W/20.
DELE=0.25*FACTOR
FF1=6.2 83 185 2*E*DE LF
FF2=6*2831852*E*DELE
FF4=6*2831852*E0*DELE
CHRG=U.
DO 50 1=192U

50 CHRG=CHRG+FF1*CH( 1 ')
DO 51 1=22*41

51 CHRG=CHRG+FF1*CH(li,)
CHRG=CHRG+(FF2*CH(2191)+FF4*C1C42,1))
SUM=O.
DO 64 J=10N
IFCALPHA(1,J)oNE.1.) GO TO 64
NJ1=N(J)-l
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DO 65 I=1.NJ1
1p1=I+1
SEGX=X( IPltJ)-X( 'J)
SEGY=Y( IP19J)-YC I J)
SEGARG= SEGX*SEGX+SEGY.*SEGY
SEGLEN=SORT (SEGARG)

65 SUM=SUM+CH( I J)*CH(19 J)*SEGLEN
64 CONTINUE

PDDSQF=FACTL*SUM

1000 PDDSOO=PDDSQF
CO=CHRG
GO TO 47

1001 PDDSQE=PDDSOF
CE=CHRG

47 CONTINUE
54 CONTINUE

RET URN
END
SUBROUTINE LPLACF(NONXYAL'HABETA1,BETA2GAMMACH-1SCH, IDIM$Rt
ITSCDXMINXMAXNXYMINYiMAX ,NY'NAXDIM.NAYDIM)
DIMENSION X(IDIMN0),Y(IIMNU),ALPHA(IDlMNO),j8ETA1(1DIMNU)'
1BETA2t IDIM,NO) 'GAMMA( IDIM'NO) 'CH( IDIM',NO) ,TSCD( IDIM'NO'4) ;N(NO),
2A( 181,181) ,SCH(NO) gBC175) ,A1C132, 132)
COMMON/HELP/AA1
EQUIVALENCECAsAl)
F I=3.1415926
RR=R*k
DO 1 L=1#NO
NN=N(L)-1
DO 1 1=19NN
Xh=X(I+1,L)-X(19L)
YI'Y(1+1,L)-Y(IPL)
TSCDCI,L,1)=ATAN2(YIPXI)
TSCD(lI L,2)=SIN(TSCD( I'Lg1))
TSCD( I Li3)=COS(TSCDC I ,L,))

1 TSCD(ILi4)=SORT(XI*XI+YI*Yl)
JJJ=O
DO 4 LJ=19NO
NJ=N(LJ)-i
JAJ=JJJ
JJJ=JJJ +NJ
DO 4 J~1,NJ
JJ=JAJ+J
XJ=(X(JLJ)+X(J+1,LJ))/2*
YJ=1Y(JtLJ)+YCJ+1,LJ))/2.
II I~o
DO 4 LI1',NO
NI=NCL1 )-1) 111=111+41
IA111I -NI
DO 4 I=1,NI

IF(II.EQ*JJ) GO TO 3

Y1=YJ-YC I LI)
Y2=YJ-Y( I+1LI I
R1=X1*Xl+Y1*Y1
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R2=X2*X2+Y2*Y2

S2=0.

XT=X1*X2+y1*y2
TETA=ATAN2(YT ,XT)
IFCALPHACJtLJ).EQ*O.) 60 TO 2
Sl=TSCD( I LI ,4)*C 1.-Js5*ALOG(R2/RR) )+O.5*ALOG(R2/R1)*(X1*T$CD( I LI
l,3)+Yl*TSCD(ILI,2))+TETA*(Xl*TSCD(ILI,2)-Yl*TSCD(ILI,3))

2 TETA1=TSCD(JLJ,1')-TSCD(ILI,1)
S2=0 *5*SIN CTETAJ) *ALOG(CR2/R1) +COS(CTETAJ) *TETA
S3=-S2
GO TO 4

i Sl=TSCD(liLI,4)*(l.-ALOGCTSCDCILI,4)/2./R))
S2=-PI
S3=-PI

4 A(JJII )=ALPHA(JLJJ*Sl+BETA1(JLJ)*S2+BETA2cJLJ)*S3
m= 0
DO 5 L1,tNO

5 M=M+N(L)-1
JJJ=O
DO 6 L=1#NO
NN=N(L)-l
JAJ=JJJ
JJJ=JJJ+NN
DO 6 J=ltNN
JJ=JAJ+J

6 B(Jj)=GAMMA(JL)
CALL ARRAYC2,MtMNAXDIMNAYDIMA9A)''I CALL SIM4Q(AsBtM9KS)
IF CKS.NE.'J) PRINT Nvv

100 FORMATC1H0,18HSYSTEM 15 SINGULAR)
JJJ=O
DO 7 L=1,NO
NN=N L) -1
.JAJ =JJ J
JJJ=JJJ+NN
DO 7 J=1,NN
JJ=JAJ+J

7 CHCJL)=B(JJ)
DO 8 L=19NO

NN=N(L)-l
SCHCL)=U.
DO 8 1=19NN

8 SCH(L)=SCH(L)+TSCD I ,L,4)*(1 L)
IF(NX-1)17,9,1U

9 DX=O.
GO TO 11

10 DX=(XMAX-XMIN)/FLOATCNX-1)
11 IF(NY-l)l7,12s13

12 DY~oi
GO TO 14

13 Dy=(YMAX-YMIN)/FLOAT(NY-11
14 DO 16 1I=19NX

XJ=XMIN+FLOATC I -1)*DX
DO 16 JJ=ltNY
YJ=YMIN+FLOAT(JJ-1 )*DY
ACIIJJ)=Oo
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DO 16 LI=19NO
NN=N(LI V-
DO 16 1=19NN
X1=XJ-X( I LI)
X2=XJ-XC V-1.LI)
Yi=YJ-YC I LI)
Y2=YJ-Y (1+1 LI)
R1=X1*X1+Y1*Y1
R2=X2*X2+Y2*Y2
IF(CRl.EQ.'.J)OR9CR2.EQ.0o)) GO TO 15

XT=Xl*X2+Yl*Y2
TETA=ATAN2(YT ,XT)
S1=TSCDCILI,4)*C1.-U.5*ALOGCR2/RR))+U.5*ALOG(R2/Rl),U(Xl*T! CD(ILI
l,3f+ly*TSCD(ILI,2))+TETA*(X1*TSCD(ILI,2)-Yl*TSCD(ILI,3))
GO TO 16

15 S1.=TSCD(ILI,4)*C1.-0.5*ALOG(CR1+R2)/RR))
16 ACIIJJ)=A(IlJJ)+S1*CH(IgLI)
17 RETURN

END
SUBROUT INE MSCUPE(W ,SqT ,HqL ERtCEOCEE)
DIMENSION N(3),X(4693).YC46,3),ALPHAC4693),BETA1(46,3),
1BETA2(4693),GAMMAC46,3)tCHi4693),SCHC3),TSCD(469394),AC 161,181),
2A1 (132,132)
COMMON/HELP/AgAl
EQUIVALENCE (AgA1)
REAL L
EO=l./ (4.*3.14159*2,99776*2.99776E+09)

C' FACTOR=(.E-u5)-C 1./u.3937UU)
NO=3
NC1)=43
N(2)=43
NC 3)=46
KKK=0
DEL ViW/20.
E=ER*EO
X( 1,1)=-C/2.)-W
Y (1.1) =H
XC 1 2)=-X(1,1)
Y (142=
DO 26 1=1,20
IP1=I+1
X( IP1'lk=X( I'1)+DELW
YC IP1,1)=H
XC IP1,2)=XC I,2)-DELW

26 Y(JP192)=H
X(C22 .1 )=X 2 1 i)
YC 2291 )=O.25*FACTOR+H
XC22,2)=X(21,2)
YC 22,2)=Y(22,1)
DO 27 1=22941

XCll~ P11XCI)-DELW
YC IPlt1)=YC 191)

X( 1Plt2)=X(I,2)+DELW
27 Y(IP1,2)=YC 192)

X(43,1)=X(lt1)
YC 43 .1)=Y1.1)
X(4392)=XC1 .2)
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Y(4392)=Y(1 '2)
DELL=L/45.
XC 1,3)=-L/2.
Y(l1 3)=Uo
DO 28 I=lt45
Ipl=I+1
XC IPl'33=XC I 3)+DELL

28 YCIPl,3)=U.
DO 47 LLL=192
IF(KKK-V) 38937038

C ODD MODE
37 CONTINUE

DO 332 J=192
DO 33 1=1942
ALPHA( I j)=1.
BETA1 CI j)=u.
BETA2(1,J)=U.
GO TO (349353tJ

34 GAMMA(IJ)=1.
GO TO 33

35 GAMMA(IJ3=-1.
33 CONTINUE
332 CONTINUE

KKK=KKK+1
GO TO 39

C EVEN MODE
38 CONTINUE

DO 40 J=lt2
DO 41 1142
ALPHA( I j)=1.
BETAiC I j)=0.
BETA2(ltj)=u.

42 rGAMMA(Igj)=1.
41 CONTINUE
40 CONTINUE
39 CONTINUE

DO 36 1145
ALPHA( I 0331.
BETAi1,33=0.
8ETA2(It3)=Uo

36 GAMMA(I,3)=O.
XMIN=Q,
XMAX=O.
YMIN=0.
YMA X =U.
NX=O
NY=0

R=1.OE+05
NAXDIM=132
NAYDIM=132
CALL LPL.ACE(N~tNXYALPHA~tbEIAlBETA2,GAMMACHtbCH., IDIM,x,TbCD,
1XMIN ,XMAXNXYMIN ,YMAXNYNAXDIM,NAYDIM)
IF CLLLoEO.2) GO TO 5u
CEO=2.*3914159*8.855E-12*SCH( 13
GO TO 47

50 CEE=29*3.14159*8.855E-12*SCH(1)
47 CONTINUE

RET URN
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END
SUBROUTINE LPLACECNONXYALPHABETA1,BETA2,GAMMACHSCH, IDIMR'
1TSCDXMINXMAXNXYMiINYMAXNY ,NAXDIMNAYDIM)
DIMENSION X(IDIM.NO),Y(IDIMNO),ALPHA(IDIMNO),BETA1(IDIMNO),
1BETA2CIDIMNO),GAMMA(IDIMNO),CH(IDIMNO),TSCD(IDIMNO,4),N(NO),
2A1C 132, 132) ,SCHC f) ,B( 129) 'A( 181. 181)
COMMON/HELP/A sAl
EQUIVALENCE (AsA1'
P1=3.1415926
RR=R*R
DO 1 L=1,NO
NN=NCL)-l
DO 1 1=1,NN

YI=Y( I+1,L)-YC Is.)
TSCD(ItL,1) ATAN2CYltXl)
TSCD(I1 L,2)=SIN(TSCD( I L%1))
TSCD(l9Lt3)=COS(TSCD(ItLtlfl

I TSCD( iLt4)=SQRT(XI*XI+YI*YI)
JJJ=0
DO 4 LJ=19NQ
NJ=N(LJ 1-1
JAJ=JJJ
JJJ=JJJ+NJ
DO 4 J1,tNJ
JJ=JAJ+J
XJ=(X(JtLJ)+X(J+1,LJ))/2%
YJ=(Y(JtLJ)+YCJ+19LJ))/2%
111=0
DO 4 L11'sNO
Nh=N(LI 1-1
I11=11 I+NI
IAI=I 11-NI
DO 4 1=1,NI
1 IIAI+I
IF(II.EQ*JJ) GO TO 3
X1=XJ-X( I LI)
X2=XJ-X( 1+1 LI)
Y1=YJ-Y( I LI)
Y2=YJ-Y(J+1,LI)
Rl=XI*Xl+Yl*Y1

R2=X2*X2+Y2*Y2

S2=0.

XT=X1*X2+y1*Y2
TETA=ATAN2(CYT .XT)
IFCALPHACJLJ).EQ.o.) GO TO 2
S1=TSCD(TLIF4)*C1.Uo.5*ALOG(R2/RR))+0.5*ALOG(R2/Rl)*(Xl*TSCD(IPLI
1,3)+Y1*TSCD(TLI,2))+TETA*CX1*TSCDUgLI2)-~Y1*TSCD(ILl,3))

p TETA1=TSCD(JLJ91)-TSCD(ILI91)
S2=O. 5*S IN (TETA1) *ALOG(CR2/R1) +COS(CTETAl) *T ETA
S3=-S2
GO TO 4

3 51=TSCD(ILI,4)*C1.-ALOG(TSCD(lLl,4)/2./R))
S2=-PI
S3=-P I

4 A1CJJI )=ALPHACJLJ)*S1+BETA1(JLJ)*S2+BETA2CJLJ)*S3
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DO 5 L=19NO
5M=M+N(L)-1
J JJ =0
DO 6 L1,#NO
NN=N(L)-l
JAJ=JJJ

JJJ=JJJ+NN

JJ=JAJ+J
6 B(JJ)=GAMMACJL)

CALL ARRAY(2,MMNAXDIMNAYDIMAlA1)
CALL SIMOIA1,[3,MKS)
IF CKS.NE.U) PRINT IOU

100 FORMATC1HO118HSYSTEM IS S!NGULAR)
JJJ=0
DO 7 L1,tNO
NN=N(L)-l
JAJ=JJJ
JJJ=JJJ+NN
DO 7 J~1,NN
JJ=JAJ+J

7 CHCJtL)8B(JJ)
DO B L=19NO
NN=N(L)-l
5C'." t. L i zu.

DO 8 1=19NN
8 SCH(L)=SCH(L)+TSCD(IL4)*Ci(IL)

IF (NX-1) 17i9qlu
9 DX=Oo

GO TO 11
10 DX=(XMAX-XMIN)/FLOAT(NX-1)
11 IF(NY-1)179l2,13

GO TO 14
13 Dy=(YMAX-YMIN)/FLOAT(NY-j)
14 DO 16 111NX

Al(IIJj)=U.
DO 16 LI=19NO
NN=N(LI )-1
DO 16 1=19NN
Xl=XJ-XC I LI)
X2=XJ-X(I+19LI)
Y1=YJ-YC I LI)
Y2=YJ-Y( I+19LI)
Rl=X1*X1+Yl*Y;
R2=X2*X2+Y2*Y2
IF((R1.EQ*U*)*Oko(R2.EQ*0.)) GO TO 15

XT=Xl*X2+Y1*Y2
TETA=ATAN2(CYT 'XT)
Sl=TSCD(1,LI,4)*(l.-0.5*ALOG(R2/RR))+0.5*ALOG(R2/R1)*CXl*TSCD(ILI

193)+Y*Tsc(ILI,2)+TETA*Xl*TSCDUsLI,2)HY*TSCD(IOLI,3))
GO TO 16

15 S1=TSCD(lLI,4)*C1.-U.5*ALOGCCR1+R2)/RH))
16 Ai(II9JJ)=A1( IIJJ)+S1*CH( IgLI)

17 RETURN
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END
SUBROUTINE ARRAY (MODEI9JvHMqSD)

DIMENSiON S(1),D(1)
NI=N-I
IFIMODE-1) 10U,100,120

100 1J=1*J+1
NM=N*J+l
D0 110 K=1%J
NM=NM-NX
DO 110 L=1,I
lJ=IJ-.
NM=NM-1

110 DCNM.)S(IJ)
GO TO 140

120 IJ=O
NM=0
DO 130 K=19J
DO 125 L=191

NM=NM+l
125 SCIj)=DCNM)
130 NM=NM+NI
140 RETURN

END
SUBROUTINE SIMO(AqBqN'KS)
DIMENSION A(1),BC1)
TOLO0
KS=0
J J=-N
DO 65 J=19N
JY=J+1
JJ=JJ+N+1
BI6A=0.
I TJJ-J
D0 30 I=JqN
lj=IT+I
lF(ABS(GIGA)-ABS(A(JJ))) 2u,3u,3u

20 BIGA=A(IJ)
IMAXIl

30 CONTINUE
!F(ABS(BIGA)-TOL) 35*35940

35 KS~1
RETURN

4o ll1J-iN*(J-2)
IT=IMAX-J
DO 50 K=JtN
11=11+N
I 2=I1+IT
SAVE=A( Il)
ACI1)=A( 12)
A( I2)=SAVE

50 A(I1)=A(11)/BIGA
SAVE=F3( IMAX)
BC IMAX)=B(J)

* B(J)=SAVE/BIGA
IF(J-N) 55,7u955

55 105=N*(J-1)
DO 65 IX=JYtN
IXJ= IQS+IX

-- ~---"--~-' ~-8,j
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ITnJ-IX
DO 60 JX=JYN
IXJX=N*(JX-1)+IX
JJx=Ixjx+IT

60 A(IXJX)=A(IXJX)-(A(IXJ)*A(JJX))
65 Bt Ix)8( IX)-(BCJ)*AI IXJ) I
7 o NY=N-1

IT=N*N
Do 80 J=1tNY
IA=IT-J
IB=N-J
IC=N
DO 80 K1lJ
B(IB)=B(lB)A(IA*B(IlC)
IA=IA-N

80o IC=IC-1
RETURN
END
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Appendix P

IMPEDANCE APPROXIMATION FOR LOW-LOSS TRANSMISSION LINES

To show how the characteristic impedance of a low-loss uniform transmission line
depends on the loss coefficients, consider the following. The characteristic impedance of
such a line, represented in terms of the so-called primary constants , L, C, and G, is

Z0 /= /R jwL (Fl)

or

ZO =(ZO)LL - (F2)

1 -j .-CF2)

where

(ZoL L -(F3)

(Zo)LL is the characteristic impedance of the lossless line with primary corstants L and
C. Equation (F2) can be approximated by

/1

provided R -, 4,L and G < wC. By simple algebraic manipulation Z0 in Eq. (F4) can be
written as

(ZoL (F5)

OLL

where
R
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where

Ca = C (F7)

and
ALL = 63J/n-C. (F8)

To see the effect of this representation, consider Eq. (5) from the main text:

IV0 12

Pf = (Re Zo) - e-2. tF9)
IZ0 12

From Eq. (F5), Re Z0 can be expressed as

Oacold

Re Zo 0  (ZO)LL ALL 2F10)

1 + / aL /

To assess the significance of the bracketed factor, consider the following example using
microstrip parameters. Let , = 0.215, ud = 0.132, and AiLL = 52.36, corresponding to
an operating frequency of 1.0 GHz. For this case the bracketed factor in Eq. (F10) has
a value of 1.000004 z 1.00. At f = 100 GHz the bracketed factor is again approximately
1.00. Hence the approximation

Rc Z (zo)LL (F11)

is quite adequate for most design purposes. Similarly

IZO! (Zo)LL. (F12)
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Appendix G

DERIVATION OF EQ. (23)

The derivation of Eq. (23) given here is similar to that given in Ref. 11. Consider a
transmission line composed of Nc conductors and ND different homogeneous dielectric
regions. The total time-averaged energy stored the electric field is given by

We=(1/2) J- dr, (GI)

where T is the volume obtained by taking the region enclosed by two cross sections per-
pendicular to the axis of the tranmsission line, the cross sections being separated by a unit
length. The quantities e and D in Eq. (Gi) are functions of position.

Consider a slight perturbation of the dielectric constant Se. Then

f~ fP 7  d- jD~e dT. (G2)5 W 2 e2

Equation (G2) can be rearranged using the equations

E =V, (G3)

V' P =p, (G4)

V-j0 D) S - E 5 D + 6V'D. (G5)

Hence Eq. (G2) can be expressed as

5W, = J'o5p dT- - JV-( 5D) dT- - 1/2 JE2 6e dT. (G6)
T " I

By use of Gauss's theorem
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NCo N,
fV(¢6D) dV 3 t/ f SD'n dQ=- 3 ,  (G7)
7 i=1 ci

where Ci is the contour encircling the ith conductor and n is a unit vector normal to and
directed inward toward the conductor. For zero space charge, &p = 0. Holding the po-
tentials Oi constant and letting 6e represent a perturbation 9f only ek, which is the dielectric
constant of the kth homogeneous dielectic region, the following results:

4 N,
-i SQ - (1/2) JE2 Sek dT, (G8)

il1 Th

where Th is th2 volume enclosed by the kth homogeneous dielectric region. Equation (G8)
can be reexpressed as

6wc= -(G9)

iff 1

where

We= (1/2) f e0~2 dT. (GlO)

The summation E N i 5Qi can be rewritten in terms of a coefficient of capacitance as
i=1

Nc N Nc

OiaQi 3 3 56b6Cjj 26We. (G11)
i=1 i=1 j=1

By use of Eqs. (G9) with (Gil) the following result is obtained:

- ,Wk = , 2,.., ND. (G12)
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